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Abstract 
Groundwater is the major water supply for human especially in arid or semi-arid regions. With the 
concentrated human activities in recent decades, the natural hydrological cycle has been changed in many 
places worldwide and several problems have arisen such as decrease of runoff, decline of groundwater level, 
and nitrate contamination. However, the studies on the investigation of water environment based on the 
understanding of groundwater flow system and the changing water cycle are still limited. Therefore, 
increasing concerns has been paid on study the mechanism of the changing hydrological cycle, the 
geochemical processes and nitrate fate disturbed by human activities. 
This research aimed to study the interaction of groundwater-surface water in hydrological cycle, 
geochemistry evolution of water quality and nitrate contamination in Lake Baiyangdian watershed, North 
China. Three regions were selected as the case studies: 1) Sha River basin, located in mountainous area, 
delegates natural hydrological cycle conditions; 2) Beyishui River basin delegates the transition zone from 
mountainous area to plain area; 3) Lake Baiyangdian (BYD) region delegates a highly human-disturbed plain 
area.  
 In Sha River basin, groundwater, spring water and river water have a close connection with each other. 
The CFCs concentration indicated that groundwater was a mixture of old, CFCs-free water and young water 
and the mixture ratio of young water disclosed the interaction extent from upper to lower reaches. Caused by 
the groundwater over-exploitation in the plain area, the water cycle was greatly changed in Lake BYD region. 
Surface water including industrial wastewater reservoir (TWR), sewage of Fu River and Lake BYD water is 
the important recharge source of the local shallow groundwater. The evaporation loss of surface and 
recharged percentage of wastewater were also estimated based on the isotope evaporation model and an 
end--member mixing model. 
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The water chemical and geochemical processes were identified based on the understanding of the 
hydrological cycle. On the Lake BYD watershed scale, the hydrochemical pattern changes from 
HCO3-SO4-Ca-Mg upstream to SO4-Cl-HCO3-Na-Ca, and Cl-HCO3-Na-Ca downstream. Carbonate 
weathering contributed greatly to the Ca2+ and HCO3- concentrations, while weathering of gypsum or sulfate 
mineral contributed to the Na+ and SO42- concentrations in water composition upstream. However, the water 
chemicals downstream have been greatly affected by surface water. On local scale of the Lake BYD region, 
the mixing of upstream regional groundwater and surface water of Lake BYD, Fu River, and TWR are 
responsible for the present water compositions. From surface water to groundwater, ion exchange, redox 
reaction and carbonate precipitation were the dominant geochemical processes affecting the groundwater 
quality. 
The low nitrate concentration in Sha River basin was referred as the background value to study the 
characteristics of nitrate in Beiyishui River and Lake BYD region. In Beiyishui River basin, 23% of 
groundwater samples exceeds the NO3-N standard of drinking water (11.3 mg/L), while 79% of samples 
exceeds the natural environment standard (3 mg/L). Multiple regression analysis and groundwater age 
indicated that point source pollution and fertilizer application of afforestation from 1980 to 1990 contributed 
to the nitrate contamination in groundwater. Mixture and denitrification were responsible for the decreasing 
nitrate concentration in the plain area. The source and fate of nitrate in Lake BYD region is different from 
upstream. The TWR source has a low δ15N value (-4.3‰～3.6‰) and domestic sewage source has a high 
δ15N value (5.8‰～14.9‰). Only the groundwater nearby the surface water has nitrate concentration larger 
than 20 mg/L, while nitrate in other areas lower than 20 mg/L. Denitrification is the major reason for the 
degradation of NO3- pollution because of the abundant organic matter. 
Keywords: Groundwater-surface interaction; Hydrological cycle; Evaporation and leakage; 
Geochemical processes; Nitrate contamination; Lake Baiyangdian watershed  
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要 旨 
乾燥・半乾燥地域において、地下水は人間活動のために重要な役割を担っている。しかしなが
ら、世界多くの場所で、過去約数十年において、地下水の過剰揚水により、水循環過程は大きく変
化し、自然の河川水の消失、地下水位の低下、地下水と地表水交流の変化や施肥等による地下水硝
酸態窒素汚染の発生など、多くの問題が生じている。その結果、人間活動の影響下において、水循
環のメカニズムに関する研究が必要不可欠である。特に流動プロセスに基づいて、水質進化及び硝
酸態窒素の起源と動態を特定することは、流域の水資源量や質の管理にとって重要である。そこで
本研究では、中国の華北平原の人間活動による農業および都市化によって影響を受けた典型的地域
である、白洋淀流域から、山地地域である沙河地区、山地と平原区の遷移帯にある北易水河地区お
よび平野部を代表する白洋淀地区を選び、流域全体の水循環および水環境特徴を研究した。 
沙河流域の水は、保定市の飲み水として供給されている。自然条件のもと、沙河流域の地下水・
湧水・河川水は、密接な関係を持っていることを明らかにした。地下水の大部分は、古い水（フロ
ン類の含まれていない水）と新しい水であることがCFCs濃度により示され、それは上流から下流ま
で地表水と地下水交流の範囲が異なるということを識別することができた。また、地下水の過剰揚
水により、白洋淀地区における地下水位が急激に低下した結果、地表水は浅層地下水の主な涵養源
となった。この地域に対して水素酸素同位体蒸発モデルを適用し、蒸発の損失と地下への浸透量を
計算し。さらに、地表水から地下への涵養率はエンドメンバーミキシング法を用いて推定した。 
水循環過程を理解したうえ、水の化学的特性および地球化学的プロセスを解明した。流域スケ
ールでみると、水質パターンは山地のHCO3-SO4-Ca-Mg型から、平野部のSO4-Cl-HCO3-Na-Ca型と
Cl-HCO3-Na-Caに変化した。山地地下水はカルサイトの風化により、Ca2+ と HCO3-は、水の構成に
関して大きく寄与していた。また、石膏または硫酸塩ミネラルの風化は、Na+とSO42-濃度が水の構
成に関して寄与していたことがわかった。しかしながら、とくに白洋淀湖地区の水質は、唐河汚水
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ダム（TWR）の工業廃水、府河や白洋淀湖の水の影響を大きく受けていた。地域規模でみると、上
流から流れてくる地下水とローカル地表水浸透両方の影響を受けている。その流動過程において、
イオン交換、酸化還元反応や炭酸塩沈殿が支配的であった。 
沙河流域の硝酸態窒素は低いため、背景値として、北易水流域と白洋淀湖地区の硝酸態窒素と
比べて、硝酸態の起源及び変化が解明したことであった。沙河流域の硝酸濃度と比較すると、北易
水河流域の地下水サンプルの 23%はWHOの飲料水としての基準（NO3--N=11.3mg L-1）を上回って、
79%は人類の影響の標準（NO3--N=３mg/l）を上回っている。北易水河流域での山地地下水中硝酸
イオンは、ポイントソース及び 1980年から 1990年にかけての果樹林施肥に起因すると推定された。
保定下流の白洋淀湖地区の地下水の源や動態は、上流とは異なる。 工業廃水起源によるδ15N値は
-4.3‰から 3.6‰と低く、生活起源によるδ15N値は 5.8から 14.9‰と高い。地表水に近い地下水の硝
酸塩濃度は 20 mg/L以上である一方で、他の場所の地下水の硝酸塩濃度は 20 mg/L以下であった。
地表水から地下水へ流れるに伴い、有機物による脱窒作用で窒素の減少が生じたものと考えられる。
また、白洋淀地区において地下水への地表水涵養過程で脱窒作用による地下水中の硝酸濃度の減少
が窒素同位体の変化から示唆された。 
キーワード：地下水と地表流交流、蒸発と漏出、地球化学プロセス、硝酸塩汚染、白洋淀湖流域 
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Chapter 1 Introduction 
Availability of freshwater has been recognized as a global issue (Doll et al., 2003). Fresh water accounts 
for about 2.5% of the total storage, the fresh water in lakes, streams, rivers, and marshes represents only 
0.26% of all fresh water and 0.008% of all water on Earth. 70% of fresh water is contained in the two polar 
ice sheets and other is found in groundwater (Titus, 1990). The largest accessible fresh water reservoir for 
domestic, industrial and agricultural purposes of human is ground water, or water that is present in the 
fractures and interstitial spaces in subsurface geologic materials. 
Especially, in arid or semi-arid regions, groundwater is the major water supply for human activities, and 
domestic noncommercial, industrial and agricultural water uses depend largely on the amount of 
groundwater (Wang and Cheng, 1999). For example, in Orissa of India, 80% of the population depends on 
groundwater as a source for drinking water (Panda et al., 2007). In Mongolia, more than 90% of the total 
population use groundwater for daily necessities (Sugita, 2003). And for North China Plain, the groundwater 
can account for 70% of the total water supply (Wang, 2008). That number is on the rise because some surface 
water such as rivers and lakes are facing with depletion, dry-up and pollution. Growing population, 
expanding food demands caused the groundwater over-exploitation. There will be much more groundwater 
which was developed to satisfy the demands of human in the future.  
However, due to the unreasonable management of water resources and over-exploitation of groundwater, 
several problems related to groundwater use have arisen such as dry up of rivers, decline of groundwater 
level, land subsidence and series of ecological and environmental deterioration etc. Of them, groundwater 
level decline is the direct effect made by human activities and this declining trends exists in the High Plains, 
United States, the North China Plain, the Delhi area, India, Iran and other places in the world (Datta et al., 
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1996; Brown and Halweil, 1998; Tase, 2000; Kondo et al., 2001; Rodell and Famiglietti, 2002). Caused by 
the declining of groundwater level, the natural mode of water cycle for a watershed might be changed to a 
great extent. Particularly, the natural interaction of surface water and groundwater has been broken to a great 
extent. Based on the change of water cycle, the acceleration of urbanization produced much more wastewater 
into surface water which has become an important recharge source for groundwater, and the concentrated 
agricultural activities brought in the over-use of fertilizer which has caused the nitrate contamination of 
groundwater. As a result, it is urgent to study the mechanism of the changing water cycle and water 
environment related to geochemical processes and nitrate contamination, especially in regions with a 
semi-arid climate. 
1.1 Water Cycle  
1.1.1 The Changing Water Cycle 
Water cycle plays a central role in the climate, ecology, and biogeochemistry of the planet and it is the 
core issue in the carbon-water-food nexus. In the world, a large number of programs, such as the 
International Hydrologic Program (IHP), and the World Climate Research Program (WCRP), are focused on 
a series of water-related issues to explore the changing water cycle and the related resource and 
environmental problems on different scale of global, regional and local region based on the interdisciplinary 
methods. The water cycle is closely related to the natural condition and anthropogenic activities, which 
determines the distribution of water resources in the earth and influence the evolution of environment (Rodda, 
1995；IUGG, 1999, Xia et al., 2002). In particular, disturbance of the water cycle has received significant 
attention with respect to land–atmosphere exchanges, interaction of groundwater-surface water, response of 
shallow groundwater and watershed to climate change, and the cycling of major nutrients (Foley et al. 1996, 
Sellers et al., 1996, Vörösmarty and Sahagian, 2000). 
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Under natural conditions, the water cycle begins with the evaporation of water from the surface of the 
ocean. Moisture is transported around the globe until it returns to the surface as precipitation. Once the water 
reaches the ground, one of two processes may occur; 1) some of the water may evaporate back into the 
atmosphere or 2) the water may penetrate the surface and become groundwater. Groundwater either seeps its 
way to into the oceans, rivers, and streams, or is released back into the atmosphere through transpiration. The 
balance of water that remains on the earth's surface is runoff, which empties into lakes, rivers and streams 
and is carried back to the oceans, where the cycle begins again. Nowadays, the natural water cycle has been 
changed greatly and several problems related to groundwater use have arisen such as decrease of runoff, 
decline of groundwater level and groundwater contamination (Tamanyu et al., 2009). And the interaction of 
groundwater-surface water was changed companied with the decreasing recharge from surface water to 
groundwater in some regions and the decreasing recharge of groundwater for some wetland regions 
(Vörösmarty and Sahagian, 2000). In urban regions, there is accumulating evidence to show that recharge in 
urbanized areas is typically increased over the pre-urban condition (Lerner et al. 1990; Krothe et al., 2002). 
Not only the water cycle in local regions, but also the global water resource has been affected by the 
unreasonable groundwater pumping. Diversion of surface waters for irrigation in the internally draining 
basins of arid and other regions results in increased evaporation and a net loss of continental water 
(Vörösmarty and Sahagian, 2000). A recent report revealed that the unsustainable use of groundwater 
represents the largest contribution to a sea-level rise about 0.77 mm yr−1 between 1961 and 2003, about 42% 
of the observed sea-level rise (Pokhrel et al., 2012).  
1.1.2 Interaction of Groundwater-surface Water 
Understanding the exchange of water, material, and energy between surface water and groundwater 
components in the water cycle is critical to effectively address water quality and supply problems as well as 
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to maintain ecosystem diversity and functioning (Wright, 1980; Winter et al., 1998; Sophocleous, 2002). 
Traditionally, the surface water or ground water was treated as separate entities. As concerns over the 
integrated management of water resources and environment increase, increasing concerns have been paid on 
the interaction of groundwater-surface water which influences the quantity and quality (Nakayama and 
Watanabe, 2008; Pokhrel et al., 2012). The groundwater and surface water were looked as a single resource 
as the nearly all surface-water features (streams, lakes, reservoirs, wetlands, and estuaries) interact with 
ground water (Gooddy et al., 2006). Under losing river regimes, river seepage primarily flows out of the 
river channel into the alluvial aquifer. River seepage has been shown to cause temporary elevation of water 
tables in alluvial aquifers when river stage is elevated above the alluvial aquifer (Squillace, 1996). There can 
be significant interactions, such as hyporheic flow, between surface water and shallow groundwater. In 
hyporheic flow, surface water enters the stream bed and banks, follows shallow groundwater flow paths, and 
reemerges as surface water downstream (Harvey andWagner, 2000). In most cases, the complex hydrological 
processes, involving surface water-groundwater interactions, make it difficult to identify the water and solute 
transformation mechanism between different water bodies. As a result, to clarify complicated groundwater– 
surface water interaction, and to identify the characteristics of hydrologic processes along the groundwater 
flow path is effective for the sustainable water management of a basin.  
1.2 Geochemical Processes and Nitrate Contamination in Groundwater 
1.2.1 Geochemical Processes  
The water compositions are not only influenced by the recharge water, but also depended on the physical, 
chemical and biological processes that occur in drainage basins (Hedges et al., 1986). Physical processes can 
be caused by the mixture of different waters such as the interaction of groundwater-surface water, 
precipitation infiltration and recharge into groundwater, and evaporation etc. Chemical and biological 
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processes include the water-rock reaction and redox reaction etc. When groundwater flows in the aquifer, it 
contacts with rock and soils which will change the water chemistry compositions and water quality may yield 
information about environments through which the water has circulated (Appelo and Postma, 1994). Water 
chemistry has a potential use for tracing the origin and the history of water. There is a great need in present- day 
hydrology to obtain better knowledge concerning residence times, flowpaths and aquifer characteristics, a need 
which often arises from man-made pollution problems.  
To determine the geochemical evolution of groundwater, the water composition which recharge into the 
groundwater is one of the reasons for accounting for the water quality. The direct precipitation infiltration induces 
the fresh water which makes the aquifer renewed quickly. The interaction of groundwater-surface water affect the 
groundwater quality based on the water quality of the surface water. For example, the leakage of clear river/lake 
water can improve the groundwater quality, and on the contrary, the leakage of wastewater deteriorate it, and the 
sea-water intrusion caused the Na+-enriched water in most coast aquifers of the world. Weathering of minerals is 
another reason to change the water quality in aquifer. Anthropogenic activities produced many ions which 
threaten the human health in many places.  
1.2.2 Nitrate Contamination  
Nitrate contamination is a worldwide problem in groundwater and has caused much concern in many 
developed and developing countries (Dinnes, 2002) because of its high leachability in soils and correlation 
with development (Bergström and Kirchmann, 1999; Canter, 1997). The world Health organization (WHO) 
and the Council European Community set a limit of 50 mg NO3 L-1 (11 mg NO3–N L-1 ) in potable water. 
The US Environmental Protection Agency (USEPA) set a limit of 44 mg NO3 L-1 (10 mg NO3–N L-1) as the 
maximum safe level in drinking water. Nitrate concentration in groundwater exceeds these standards can 
potentially cause health problems to animals and humans. Groundwater concentrations exceeding an 
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arbitrary threshold of 3 mg NO3-N L-1 may be indicative of contamination of natural groundwater as a result 
of human activities (Burkart and Kolpin, 1993; Eckhardt and Stackelberg, 1995). 
The common nitrate contamination in groundwater is caused by the increasing food supply in the world. 
The world is facing a water scarcity challenge, where agriculture is the major user of water. It accounts for 
71% of global water withdrawals today, and is expected to increase much more by 2030 (Addams et al., 
2010). In addition to the increase in water scarcity, the agricultural sector faces an enormous challenge of 
producing almost 50% more food by 2030 and doubling production by 2050 (OECD, 2010). To improve the 
food production, application of chemical fertilizer and animal manure are increased. The overuse of 
fertilizers has resulted in contamination of surface water and groundwater which contaminate crops and 
transmit disease to consumers and farm workers (Kaneko et al., 2005). For example, in Japan, water quality 
is a big concern among water related issues and nitrogen pollution is also one of the major pollutants. In 
particular, the nitrate contamination of rivers, lakes and aquifers of Lake Kasumigaura watershed are typical 
in Japan caused by the fertilizer application and livestock waste (Nakayama and Watanabe, 2008; Kato et al., 
2008; Kato et al., 2009; He et al., 2009 ). And the increasing nitrate contamination in groundwater became 
another pollution source for surface water due to their close interconnection. It is necessary to identify the 
nitrate characteristic and nitrate fate in aquifer based on the understanding of the water cycle. 
1.3 Delegation of North China Plain and Lake Baiyangdian Watershed  
Arid and semi-arid areas comprise about 30% of the earth’s surface, and contain some of the 
fastest-growing population centers in the world (Brown et al., 2005). Anthropogenic activities will likely 
have a significant impact on water cycle and water environment. Thus, there is a necessity to better 
understand semiarid water cycle, surface water–groundwater interactions because they strongly control 
availability of key limited resources (Newman et al., 2006). Furthermore, the variation of water environment 
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and groundwater quality will have large impact on human life because of the high dependence on 
groundwater in these regions.  
North China Plain (NCP) is a typical region delegating the semi-arid climate conditions, where 
groundwater is the major water supply for human activities, contains 65% of the country’s agricultural land, 
but only 24% of the country’s water resources (USDA, 2003). It has been argued that rapid depletion of 
water resources will reduce China’s grain production capacity, leading to massive grain imports that will 
dominate world markets. To improve the food production, over-exploitation of groundwater led to the 
increasing pressure of water scarce, application of chemical fertilizer and animal manure are increased. 
Additionally, the increasing population and urbanization produced much more wastewater which 
contaminated the shallow groundwater and accelerate the water crisis. And the enlarging urban produced 
much more wastewater into rivers. On the other hand, overuse of fertilizers has resulted in contamination of 
surface water and groundwater which contaminate crops and transmit disease to consumers and farm 
workers (Kaneko et al., 2005).  
Lake Baiyangdian watershed lies in the west of NCP, where there is a largest fresh lake of Baiyangdian 
(BYD) in the North China. Generally, the terrestrial hydrological cycle of the North China Plain receives the 
precipitation in the west of the mountainous area, then flows from west to east when interacting with rock 
along the flow path in the aquifer, and discharges to the sea. The groundwater flow system compact this 
regional flow and confined in regions from mountainous area to the lake. In historic period, the Lake BYD 
received the surface water inflowing and groundwater discharge. However, it has become a recharge source 
of groundwater after 1980’s. The existing of groundwater cone in the middle part of the Lake BYD 
watershed changed the groundwater flow direction in shallow aquifer. In addition, Baoding which is a large 
developing city near Beijing, is located in the upstream of Lake BYD. The sewage and wastewater produced 
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by city has become a typical recharge source contaminating the shallow groundwater. As a result, this 
research selected the Lake BYD watershed as a case study, to investigate the water cycle disturbed by 
anthropogenic activities, to study the water chemical characteristics and geochemical evolution processes 
and to identify the nitrate source and fate in aquifer. This research is not only important for the integrated 
water management of North China Plain, but also supplementary to the relative research in the semi-arid 
regions of the world.  
1.4 Purpose of the Study 
 This paper is focused on the Lake BYD watershed of the NCP, to resolving several urgent 
groundwater-related issues. The first issue is related to the groundwater recharge. Since the precipitation is 
not the direct recharge in the plain area and it has been argued that the mountain area and the piedmont plain 
in the west is the major recharge region of alluvial fan and plain area (Chen et al., 2004; Lu et al., 2008; 
Wang et al., 2009; Yuan et al., 2012), the water cycle characteristics in the mountainous area is the basis to 
understanding the water cycle in the plain area. On the other hand, the wastewater in the rivers and Lake 
BYD has become the direct water recharge to groundwater. To investigating the impact of these surface 
waters on groundwater is also the key issue of water problems in plain area. The second issue is the water 
quality evolution when it is involved into the geology environment. This includes the geochemical processes 
from recharge area to discharge area in regional groundwater flow direction and from surface water to the 
shallow groundwater aquifer in local groundwater flow direction. The third issue is the nitrate contamination 
in groundwater. At the same time, the nitrate contamination of surface water is also discussed because of the 
close relationship between surface water and groundwater. In this study, the Sha River basin, which is 
located in the west mountainous area of the Lake BYD watershed, delegates the natural water cycle of the 
mountain area. And Beiyishui River Basin, which is located in the hill and prolluvial/alluvial fan area of the 
9 
 
watershed, delegates the transition zone from mountainous to plain area. While the Lake BYD region 
delegates the highly human-disturbed plain region. The purposes can be summarized as follows: 
(1) To delineate the natural water cycle characteristic and the interaction of groundwater-surface water in the 
Sha River; 
(2) To investigate the extent and range of a industrial wastewater reservoir (TWR), a sewage river (Fu 
River), and Lake BYD on the groundwater recharge; 
(3) To make clear the water chemical characteristics and geochemical processes from hill area to plain area 
in the Lake BYD watershed scale; 
(4) To look in depth at the water quality changes and geochemical processes from a linear wastewater 
reservoir (Tanghe Wastewater Reservoir) to groundwater; 
(5) To identify the factors contributing to the nitrate contamination in groundwater in Beiyishui River basin, 
upstream of the Lake BYD watershed; 
(6) To identify the source and fate of nitrate in Lake BYD watershed, particularly in the Lake BYD region, 
downstream of the Lake BYD watershed. 
A flow chart of this study is as Fig.1-1. 
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Fig.1- 1 Flow chart showing the construction of this study and the method applied in each part of the content 
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Chapter 2 Description of Study Area 
2.1 Description of the North China Plain 
2.1.1 Basic Conditions 
North China Plain (NCP) is located in the eastern part of the People's Republic of China. It reaches the 
Bohai Sea in the east and the Taihang Mountain in the west. The northern boundary of the plain is the 
Yanshan Mountain and it reaches the Yellow River in the south (Fig.2- 1).The district includes all the plain 
area of Beijing, Tianjin and Hebei and the plain area of Henan and Shandong lied in the north of Yellow 
River. The overall area is approximately 140,683km2. The landform is a typically Plain Landscape and the 
elevation is less than 100m.Topgraphty inclines form north, west and southwest to the Bohai Bay. The slope 
gradient is 1～0.2‰ in the frontier mountain area and 0.1～0.2‰ in the coastal plain. From the foot of 
mountain to the Bohai Bay it can be divided into the alluvial flood plain of the west part, flood and lake 
sedimentary plain of middle part and the alluvial coast plain of the east part.  
 
Fig.2- 1 Figure showing the position of NCP and the reliefs in the plain area. 
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The climate of the NCP belongs to the continental arid and semi-arid climate. The perennial mean 
temperature is about 12～14 ℃ and the perennial mean precipitation is about 500～600 mm. The proportion 
of precipitation from July to September to precipitation of full year is about 75%. And the transpiration is 
about 1,000～1,500mm. The proportion of evaporation from April to June evaporation of full year is about 
45%.  
2.1.2 Surface Water and Groundwater status of NCP 
The water resources per capita in China account for 1/4 of the water resources per capita in the world. In 
North China more and more serious water problems such as the water table declines continuously and 
worsening of water quality occurs (Liu et al. 2001). The water problems had a long history. In 1960’s, many 
reservoirs were built in the west mountain of the NCP and drainage rivers were built in the east plain. After 
that the human activities and the dry climate led to the decline of water storage of the NCP and the 
flow-break of rivers. According to statistics of Lijin site of the downstream of the Yellow River, in 1950’s the 
mean runoff was 460,00×106m3. In 1950’s the mean runoff was 280,00×106m3 and 150,00×106m3 in 1990’s. 
For example, it was found that there is a good relationship between the precipitation and the inflow of the 
lake BYD. 
2.1.3 Variation of Groundwater Level in Past 
Because of the dry climate and the dry-up of surface water groundwater began to be over-pumped and 
the groundwater level decreased continuously. Since 1970’s, groundwater was discharged as major water 
supply to agriculture, industrial and domestic needs because of the dry climate and decreasing surface water. 
In the NCP, the proportion of groundwater to total water supply had increased from 53.9% in 1997 to 58.9% 
in 2001 and the increasing rate is 1% per year (Liu, 2003). The water budgets from 2002 to 2003 of NCP 
showed that the total recharge was 49,374×106 m3, and the total discharge was 56,530×106 m3, the difference 
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was -7,156×106 m3 (Wang, 2007). This verified that the groundwater in the NCP was over-exploited and the 
water crisis is serious. The decline of the groundwater level enlarged the area of the groundwater cone. The 
area of the shallow groundwater cone achieved to 4.1×104 km2 as the center of Beijing, Shijiazhuang, 
Baoding, Xintai, Handan and Tangshan and the area of the deep groundwater cone achieved to 5.6×104 km2 
as the center of Tanjin, Hengshui, Cangzhou and Langfang Fig.2- 2.  
 
Fig.2- 2 Groundwater level of shallow (left) and deep (right) aquifer of NCP in 12. 2003 
Fig.2- 3 and Fig.2- 4 show the variation of water table and precipitation of Beijing city and Luancheng 
city, respectively. Both of the precipitation and water table of the groundwater decreased from 1960’s to 
2000’s but the variation amplitude of groundwater is much larger than that of precipitation which indicate 
that the over-exploitation of groundwater is the direct influencing factor to lead to the decline of groundwater. 
The perennial variations of water table of shallow groundwater show that the groundwater depth in piedmont 
plain area, where most major groundwater cones exist, became larger and larger and the variation range is 
about 40～70 m during last 30 years (Fig.2- 5 and Fig.2- 6). Due to the decline of groundwater level many 
environmental problems including water pollutions, land subsidence, land collapse and soil salinity became 
more serious than ever in recent years.  
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Fig.2- 3 Variation of water table and precipitation in Beijing from 1958 to 2002. Data come from Chen 
(2006). 
 
Fig.2- 4 Variation of water table and precipitation at Luancheng Experimental Station from 1970’s to 2000’s. 
The data of precipitation and water table of Luancheng 1 comes from Jia and Liu (2002) and the data water 
table of Luancheng 2 comes from (Chen, 2003) 
 
Fig.2- 5 Variation of shallow groundwater depth in large groundwater cone regions from 1970’s to 2000’s. 
The name of Ni-bo-long cone means that the cones including the Nijin, Boxiang and Longrao county and the 
name of Ji-zao-heng cone means cones including Jixian, Zaoqian county and Hengshui city. 
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Fig.2- 6 Variation of shallow groundwater depth in major groundwater cone cities from 1960’s to 2000’s.  
Date of Shijiazhuang is according to Fei (2005), data of Handan cone, Gaoliqing cone and Zhengding are 
according to Zhang et al. (2008). 
2.1.4 South-to-North Water Transfer Project 
To resolve the water problems of the North, the South-to-North Water Transfer Project was proposed to 
transfer water from Changjiang (Yangtze) River Basin to Yellow River, Huaihe and Haihe River basins. 
Three routes including east, middle and west, together with Changjiang, Yellow River, Huaihe and Haihe 
rivers constitute the critical cross network system which is made up of both natural and artificial streams. Of 
those, the Middle Route Project of South to North water transfer is an important project which will ease the 
water shortage and change the ecological environment in the NCP, as well as in the cities of Beijing and 
Tianjing (Fig.2- 7). The project, which is 1230 km long, will divert water from the Danjiangkou reservoir on 
the Hanjiang River, where a water surplus exists, into the water-deficient areas of the provinces of Henan and 
Hebei, Beijing and Tianjing city. The annual diversion capacity of the region is 15×108m3. This project 
consists of the Danjiangkou dam, the canal headwork, the trunk canal and a large number of crossing 
structures. According to the planning, the annual mean water supply is 12.00×108 m3/a, 30.40×108 m3/a, 
10.15×108 m3/a for Beijing, Hebei province and Tianjin, respectively (Cui, 2009). This water distribution will 
recharge the groundwater greatly and it will make a great impact on the groundwater dynamics. 
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Fig.2- 7 Route of South to North Water Transfer project in NCP 
2.2 Description of Lake BYD Watershed 
2.2.1 General Setting  
Alluvial fans are distributed commonly in the piedmont plain of NCP, the second biggest granary in 
China. Located at the west part of the NCP, Lake BYD watershed is a typical alluvial fan where there are 
Baoding, farm lands and the Lake BYD (Fig.2- 8). Lake BYD is the largest freshwater lake in NCP with area 
of 366 km2 and it has a significant effect on sustaining the ecological balance of NCP that is why it was 
called the “pearl of NCP”. The climate is the semi-arid continental climate with the perennial mean 
precipitation of 503 mm, of which about 75% are available from June to September. The annual 
evapotranspiration is about 1369 mm (Liu et al., 2007).  
The topography inclines from west to east and constitutes mountain, piedmont plain, and depression 
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with the lowest elevation of 5.5～6.0 m at the bottom of Lake BYD (Dagu) (Zhuang et al., 2010). Lake BYD 
lies in the middle stream of Daqing River (Fig.2- 8). It belongs to a remaining part of Bianwudian-Lake BYD 
depressions of alluvial fan which was partitioned by the alluvial fan of Yongding River and Hutuo River and 
the Palaeochannels in late Holocene. There are Yishui River, Pu River and Cao River in the Northwest and 
West of the Bianwudian-Lake BYD depressions. Tang River, Xiaoyi River, Dasha River and Zhulong River 
lie in the Southwest of the lake. The alluvial fans and the Palaeochannels in the study area were formed by 
these rivers and lake depressions in the piedmont plain in Late Pleistocene (Wu, 2008). Wangkuai Reservoir, 
Xidayang Reservoir, Longmen Reservoir and Angezhuang Reservoir are located in the mountain areas of the 
watershed. The upstream of Wangkuai Reservoir is Sha River basin and the Beiyishui River basin located in 
the north of the mountain area (Fig.2- 9).  
The geology of the mountainous is mainly composed of the rock. The alluvial sediments also distributed 
in the river valley. From mountainous area to plain area, the thickness of the sediments became larger and 
larger (Fig.2- 10). The unconsolidated sediments of Quaternary Q4 constitute the main stratigraphy of the 
plain area (Fig.2- 11). The sediments include sand, clay or sand and clay interbedded (He and Zhu, 1992). 
According to the features of the stratigraphy, it can be divided into four aquifer groups. The first and second 
aquifer group (Ⅰ, Ⅱ) include aquifers of Holocene Qh4 with depth of 10～20 m, the upper Pleistocene Qp3 
with depth of 50～70 m and the mid Pleistocene Qp2 with depth of 80～160 m. The third aquifer group (Ⅲ) 
is the Lower Pleistocene Qp1 aquifer group with depth of 330～400m. The fourth aquifer group (Ⅳ) is 
Tertiary Qn stratigraphy. Field surveys and geochemical analyses of groundwater have found a two-layered 
structure of aquifers in the NCP, with a boundary at depth about 100～150 m (Chen et al., 2004; Wang, 2008; 
Zhang et al., 2009). The hydraulic conductivities are 70-200 m/d in the alluvial and pluvial fan, 35 m/d in the 
middle region and 12 m/d in the lake depression region. 
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Fig.2- 8 Location of Lake BYD watershed in NCP (left); Topography, river channel, reservoir and lake 
distribution of the Lake BYD watershed (right). The blank area is the mountain area. 
 
Fig.2- 9 Positions of Sha River basin, Beiyishui River basin and Lake BYD region in the watershed. 
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Fig.2- 10  Sketch map of geological section along O-O’ in Fig.2- 8(according to Zhang et al., 2009; Yuan et al., 2011) 
 
Fig.2- 11 Hydrogeological profile of section line D-D’ in Fig.2-8 (according to Zhang et al., 2009). 
2.2.2 Variation of Climate and Hydrology Conditions 
From 1950’s to now, the climate and hydrological construction of the Lake BYD changed a lot such as 
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increasing annual average temperature of 1.9℃ and decreasing annual average precipitation 131.3 mm 
(Wang and Xu, 2009). At the beginning of 1950’s the area of the lake was 561.6 km2 (My, 1987; Wang et al., 
2009). From 1983 to 1987, the lake dried continuously because there was no water in inflowing rivers. To 
resolve the dry of the lake, Water was transferred from the upstream reservoir and Yellow river to recharge 
the lake and the amount of transferred water achieved to 7.61×108m3 since 1981 (Yi et al., 2009).  
The temperature of Lake BYD has a large fluctuation since 1950’s (Fig.2- 12). The highest temperature 
was in 1958 with the annual mean value of 16.1℃ and the lowest temperature existed in 1969 with the 
annual mean value of 9.9℃. Except for the high value before 1960 the temperature fluctuated with a stable 
trend. However, after 1980, the temperature changed with an obvious increasing trend. Before 1980, the 
water level of Lake BYD showed an opposite fluctuation to temperature because the high temperature 
corresponding with low water level. After 1980’s, the lake was dry for continuous four year and then 
changed within a large range due to the reservoir storage in upstream or the runoff change of inflow. The 
decline of precipitation is the direct factor to control the inflow decline of the Lake BYD (Fig.2- 13). Before 
1980, the annual mean precipitation was 540 mm and after that the annual mean precipitation was 480 mm. 
The continuous dry year (1980～1984, 1986 with precipitation smaller than 445 mm) led to the decrease of 
inflow of Lake BYD, even no flow into the lake. To prevent the dry-up of the lake, water was transferred 
from upstream for several times (Table 2-1) which is why there is no correlativity among the precipitation, 
inflow and water level of the lake after 1980 (Fig.2-13). According to Table 2- 1, it indicates that most of the 
water was lost by leakage of the channel or evaporation during the water transferring process.  
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Fig.2- 12 Variation of Precipitation, temperature (℃), water level and inflow of Lake BYD. 
 
2
2
0
0
0
0
4
4
0
0
0
0
6
6
0
0
0
0
8
8
0
0
0
0
1
1
0
0
0
0
0
0
Precpi
t
ta
t
tion/mm
0
0
2
2
0
0
4
4
0
0
6
6
0
0
8
8
0
0
RR
uu nn
oo ff
ff // cc
mm
 
Fig.2- 13 Correlation between precipitation and runoff in Lake BYD watershed. 
 
Table 2- 1 Water quantity transferred from upstream reservoir to recharge Lake BYD 
Year Water sources 
Transferred 
water/104m3 
Inflow of 
lake/104m3 
Loss 
coefficient 
1981 Angezhuang 2234 1218 0.45 
1983 
Angezhuang 2501 1400 0.44 
Xidayang 6298 1961 0.69 
1984 
Wangkuai 4475 1431 0.68 
Xidayang 3116 1219 0.61 
1992 
Wangkuai 4514 2709 0.4 
Xidayang 3010 1621 0.46 
Angezhuang 3413 1880 0.45 
1997 Angezhuang 7800 5765 0.26 
2000 Wangkuai 7500 4060 0.46 
2001 
Angezhuang 5087 2164 0.57 
Wangkuai 10079 4513 0.55 
2002 
Wangkuai 5914 3104 0.48 
Xidayang 5015 3501 0.3 
Xidayang 3873 1974 0.49 
2003 Wangkuai 23497 11634 0.5 
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2.2.3 Land Use Variation in the Lake BYD Watershed 
Area statistics of land use were calculated with ArcGIS software (Table 2- 2). Result shows that 
farmlands account for 49.8, 44.5 and 48% of the BYD watershed in 1980, 1995 and 2000, respectively. 
There is little variation (from 22.2 to 22.8%) for the area of grassland from 1980 to 2000, while the 
woodland increased from 19.7% in 1980 to 22.7% in 1995, then decreased to 19.7 in 2000. Residential area 
has an increasing area percentage (from 5.3 to 7.8%) which indicates the processing urbanization. There is 
little variation for water area. The distribution of land use (Fig.2- 14) shows that farmlands and residential 
areas are mainly located in the plain area while the woodland and grassland are mainly located in the 
mountain area. Influenced by extent of different anthropogenic activities, the characteristics of land use is 
distinct. 
1) Land use in the Sha River Basin 
In the Sha River Basin, there is no significant variation for all types of land uses from 1980 to 2000. 
Grassland is the dominant land use which accounts for 60.5, 63.1 and 60.7% of the Sha River Basin in 1980, 
1995 and 2000, respectively. Woodland is the second dominant land use which accounts for 32.4, 29.9 and 
32.32% of total area in 1980, 1995 and 2000, respectively. The percentages of farmland and the residential 
areas are small. All of these characteristics suggest that the anthropogenic activities have little impact on the 
variation of land use.  
2) Land use in the Beiyishui River Basin 
On the other hand, the dramatic variations of the land use influenced by anthropogenic activities were 
found in Beiyishui River Basin. As this basin includes the hill area, proluvial and alluvial fan area, where 
anthropogenic activities concentrate, the farmland is also the dominant land use accounting for 51.2%, 44.5 
and 50.0% of the total area in 1980, 1995 and 2000, respectively. In the hill area, farmland is mainly located 
in the river valley. The percentage of woodland increased from 1980 to 1995, and decreased to the same level 
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in 2000. The variation of grassland area has an inverse trends comparing to that of woodland (Table 2- 2). 
Massive afforestation program including the planting of economical forest (e.g. orchard) was carried out in 
China after 1980, which led to some part of grassland and small part of farmland was replaced by the 
woodland (Li et al., 2001). After 1995, changing orchard to farmland and cutting of wood led to the area of 
woodland decreased again. The Residential area was mainly located in the plain area with a slightly 
increasing trend form 1980 to 2000. There was almost no big change on land use of farmland in the plain 
area. 
3) Land use in the BYD region 
The anthropogenic activities are highly concentrated in the BYD region where farmland and waters area 
dominant land use. Caused by the urbanization with increasing residential area from 1980 to 2000, the 
farmland has a decreasing trend from 1980 to 2000. Water area ranges from 16.6 to 17.4% of the total BYD 
region. All of the water areas are composed of artificial recharge (e.g. Lake BYD) and wastewater discharged 
into rivers (e.g. Fu River and TWR). It is indicated that all of the land uses in this region are related to 
anthropogenic activities. 
Table 2- 2 Comparison of percentage of land use in BYD watershed and three typical subregions. 
Land use 
Lake BYD 
watershed 
Sha River Basin Beiyishui River Basin BYD region 
1980 1995 2000 1980 1995 2000 1980 1995 2000 1980 1995 2000 
Farmland  49.8  44.5  48.0  5.8  4.5  5.8  51.2  44.5  50.0  76.1  71.5  72.1  
Woodland  19.7  22.7  19.7  32.4  29.9  32.3  14.0  27.4  13.9  0.1  0.3  0.2  
Grassland  22.8  22.2  22.8  60.5  63.1  60.7  29.2  19.3  29.3  0.1  0.2  0.1  
Residential 
areas  5.3  7.8  7.2  
0.1  0.1  0.1  5.1  5.5  6.4  7.2  11.2  10.3  
Waters  2.4  2.2  2.3  1.1  0.8  1.1  0.4  0.2  0.4  16.6  16.8  17.4  
Unused  0.1  0.7  0.1  0.0  1.6  0.0  0.0  3.1  0.0  0.0  0.0  0.0  
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Fig.2- 14 Land use of Lake BYD Watershed in 1980 (a), 1995(b) and 2000(c). 
2.2.4 Groundwater Over-exploitation and Water Environment 
Dry climate and development of population exacerbated the impact of human activities on water cycle. 
Dry-up of rivers or lakes led to the exploitation of groundwater. Though groundwater over-exploitation can’t 
have a direct impact on the environment as the climate, it can influence the groundwater recharge coming 
from precipitation or surface water. Fig.2- 15 Variation of precipitation and groundwater exploitation from 
1950’s to 2000’s in BYD region indicates that both of the major recharge (precipitation) and discharge 
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(groundwater exploitation) conditions have an obvious change during past years which had put a great 
threaten on the groundwater decline. The development of groundwater in BYD watershed began from 1950’s 
with a quantity of 1.78×108m3/a. The amount increased to 27.08×108m3/a in 1980’s. With the dry-up of rivers 
and over pumping, the Lake BYD has dried for several times (Yi et al., 2009). The groundwater level in the 
study area decreased continuously at the ratios of 0.51 m/a from 1974 to 2000, and 0.99 m/a from 2000～
2007, respectively (Yang and Tian, 2009; Lü et al., 2010). As well as the water shortage problems, water 
pollution is also serious. Of 8 inflow rivers for the Lake BYD, only the Fu River is a perennial river which 
accepts the sewage from Baoding without primary treatment (Qiu et al., 2009). Tang River has been 
completely dried in recent years. Paralleling to the Tang River, Tanghe wastewater reservoir (TWR), an 
artificial channel with length about 15 km, was constructed in 1970’s to store the industrial effluents from 
Baoding. Sluice gate was set in the east end of it to prevent the effluents from flowing into the lake. Thus, the 
Fu River and TWR have become line sources to influence the regional groundwater on both quality and 
quantity. 
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Fig.2- 15 Variation of precipitation and groundwater exploitation from 1950’s to 2000’s in BYD region. 
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Chapter 3 Methodology 
3.1 Parameters of Field Survey, Major Ions, Heavy Metals 
Field survey and sampling were carried in Sep. 2008, June 2009, May 2010 and June 2011. Water table 
was measured in field. Parameters of pH, electronic conductivity (EC), dissolved oxygen (DO), and 
Temperature (T) were measured in situ using portable meter (WM-22EP) (DKK, TOA Corporation, Japan). 
Bicarbonate ion was measured by titration in field. In this study, the pe value was used to represent the redox 
conditions as well as ORP. In analogy to pH, the parameter pe is defined as: pe=-log [e-], where [e-] is the 
concentration of electrons in the redox reaction. Just as for ORP, high positive values of pe indicate oxidizing 
conditions and low negative values reducing conditions. The relationship between ORP and pe is defined as 
(Appelo and Postma, 2005): ORP = (2.303RT/F) ×pe, where R is gas constant (8.314 J/mol.deg); T is 
temperature in K (=℃+273.15) and F is Faraday constant (96485 C/mol or J/Volt.g eq).  
All water samples for analysis of major water chemicals and stable isotopes (δ2H, δ18O) were gathered in 
air-tight polyethylene vials of 100 ml and sealed with adhesive tape to reduce evaporation. Water samples for 
analyzing concentrations of Fe, Mn, Al, and Si were acidified to pH condition less than 2 using HCl, and 
these samples were analyzed using ICP-MS at Chiba University. 
Water leached from soil samples were used to analyze the major ions. The leaching method was referred to 
Scanlon et al. (2006). Soils were air dried initially. Approximately 40 mL of double deionized water was 
added to about 25 g of soil. The mixture was placed in a reciprocal shaker for 4 hr, centrifuged at 7,000 rpm 
for 20 min, and the supernatant was filtered (0.2 mm).  
All water samples were filtered through 0.2 μm filters before analysis. Samples for major ions (Na+, K+, 
Ca2+, Mg2+, Cl-, SO42-, and NO3-) were analyzed by ion chromatography (SHIMADZU LC-10AD) at Chiba 
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University. HCO3- concentrations were measured by titration with Normal H2SO4. Freeze and Cherry (1979) 
recommend that 5% was a reasonable error limit of percentages of ion balance for accepting the analysis as 
valid. 
3.2 Isotopic Analysis for δ2H, δ18O and δ15N 
Hydrogen and oxygen compositions of water samples were analyzed using Finnigan MAT-253 mass 
spectrometer with TC/EA method in Institute of Geographic Sciences and Natural Resources Research, 
Chinese Academy of Sciences. Results were presented expressed in the standard δ-notation as per mil（‰）
difference from Vienna Standard Mean Ocean Water (VSMOW standard). The precisions for δ2H and δ18O 
were ±2‰ and ±0.3‰, respectively.  
The chloride anion resin (DOWEX 1×8, 200-400 mesh) was adopted to collect NO3- of water samples. 
NO3- isotope was analyzed by the “ion-exchange” or “AgNO3-” method (Silva et al., 2000). The extraction 
procedure of nitrate in water is shown as the follows: Two liters filtered water was used to extract NO3-with 
the column filled with anion exchange resin in the chloride form, the flow rate was controlled between 
200-300 mL/h during the extraction. 15 mL 3 mol L-1 HCl was then used to elute nitrate from the resin. 
Beakers containing the eluant were placed in cold water bath and about 6.5 g Ag2O was gradually put into 
the beaker with stir. The final pH was verified at the range of about 5.5-6.0 (Silva et al, 2000). AgCl 
precipitate was removed by filtration. Then the eluent was freeze-dried to obtain AgNO3. The δ15N was 
analyzed in Horticulture faculty of Chiba University, Japan with Integra CN MASS (PDZ EUROPA 
Corporation). Results of δ15N were expressed as per mill (‰) difference of the isotopic ratios of a sample 
and a standard, referred to as AIR as follows: δ15N=[(15N/14N)sample/(15N/14N)air-1]×1000. The precision was 
±0.5‰. 
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3.3 CFCs 
The sampling method for chlorofluorocarbons (CFCs) is according to (Han et al., 2007). The CFCs was 
collected and purified by a purge and trap extraction system (Busenberg and Plummer, 2000; Oster et al., 
1996). For CFCs, the trap is a 35 cm long, 1/8 Steel Use Stainless (SUS) pipe, filled with Res-sil C and 
Porapak T. Trapping and purging are conducted at -40℃ (when the sample is bubbled with N2), and 95℃ 
(after bubbled). The purified CFCs are analyzed by a gas chromatograph (SHIMAZU, GC-14B) equipped 
with an electron capture detector (ECD) and reported in pmol/kg (or pg/kg) of water. The uncertainties for 
CFCs determinations are approximately 1% for water equilibrated with the ambient atmosphere. With regard 
to groundwater dating with CFCs, it is assumed that the local historical CFCs composition of air is known, 
which is closely followed by the composition of unsaturated zone air. Then, the recharge year can be 
determined by comparing the calculated partial pressure of CFCs insolubility equilibrium with the water 
sample with historical CFCs concentration in local air (Plummer et al., 2006b). 
3.4 Organic Matters of Soil  
The soils for analysis of the total organic C content were collected at about 5cm depth of the surface. 
The organic C content is used to estimate soil organic matter. The organic C content was determined on 
overn-dry (105 oC) soil by ignition at 550 oC for 3 h (Howard and Howard, 1990). Total C was determined 
by dry combustion. 
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Part I Interaction of groundwater-surface water 
To clarify complicated groundwater– surface water interaction and to identify the characteristics of 
hydrologic processes along the groundwater flow path is effective for the sustainable water management of a 
basin.  
In the Lake BYD watershed, the water cycle has been changed a lot since 1950’s. Historically, eight 
rivers flow into the Baiyangdian Lake. In the late 1950’s, several reservoirs were built in the mountain areas, 
resulting in sharp reduction in river runoff. There are 4 large reservoirs including Wangkuai, Xidayang, 
Longmen and Angezhuang reservoir which lie in the upstream of Zhulong River, Tang River, Cao River and 
Yishui River, respectively. Water in the reservoir is the major water supply for people in the Baoding. The 
used water from urban is discharged into rivers downstream. On the whole watershed, the natural 
groundwater flow system has been changed greatly due to over-exploitation of groundwater. This part will 
be focused on the interaction of groundwater-surface water by using the combination of multi-tracers 
methods in two regions: one is the Sha River basin in the upstream of Lake Baiyangdian watershed, where 
Wangkuai reservoir located. This basin delegates a natural hydrologic process in the mountain areas; another 
region lies in the plain area between Baoding and Lake Baiyangdian, where the hydrologic process has been 
highly influenced by human activities. 
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Chapter 4 Interaction of Groundwater-Surface Water in Sha 
River Basin 
4.1 Introduction  
Surface-water interacts with groundwater in three basic ways: surface water bodies gain water from 
groundwater system, others lose water to groundwater system, or they do both, gaining in some reaches and 
losing in other reaches(Winter, 1999). The interaction of groundwater-surface water might be determined by 
many factors such as topography, hydrogeology, land use, and climate conditions. In mountainous area, the 
terrain is featured by the steep slopes and rocky characteristics which make it difficult to determine 
interactions of ground water and surface water. Consequently, few detailed hydrogeologic investigations of 
these interactions have been conducted in mountainous areas(Winter, 1999; Westbrook et al., 2006). 
Groundwater flow system provides a theory basis for understand the interaction of groundwater and 
surface water. Theoretically, three types of flow systems may occur in a small basin: local, intermediate, and 
regional, as shown in Fig.4-1. Local flow system is important to control the discharge of groundwater to 
surface water or recharge to groundwater from surface water. During this processes, groundwater moves 
along different flow paths with varying lengths, depth, and travel time from recharge areas to discharge area 
in groundwater system.  
 
Fig.4- 1 Concept figure showing local, intermediate, and regional groundwater flow systems (Toth, 1963) 
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There are several methods to study the interactions of groundwater and surface water. Indirect methods 
on the basis of water balancing and solute balancing are suitable methods for larger scale assessments but 
suffer from a significant uncertainty (Rieckermann et al., 2005; Chisala and Lerner, 2008). Direct methods 
such as tracer tests are less uncertain and have been applied to investigate the groundwater recharge sources 
and determine the migration pathways of the pollutant ((Baskaran et al., 2009). The most widely applied 
tracers include heater, environmental isotopes, and solute concentrations. Groundwater dating method is a 
cost-effective method to depict the groundwater flow system since the groundwater age reflects the residence 
time of groundwater which might flow along different flow path. The concentration in groundwater of 
anthropogenic atmospheric trace gases such as chlorofluorocarbons (CFCs) and sulphur hexafluoride (SF6) 
can provide information on groundwater residence times and mixing processes for waters up to 50 years old 
(Cook and Solomon, 1997; Busenberg and Plummer, 2000). Compared with some groundwater ‘dating’ 
techniques, CFCs and SF6 can be rapidly determined, they require no sophisticated sampling equipment, and 
analysis is relatively simple. They therefore provide a cost-effective contribution to understanding the 
interaction of groundwater-surface water by many researches (Baskaran et al., 2009; Busenberg et al., 1993; 
Gooddy et al., 2006; Modica et al., 1998; Plummer et al., 1993). In recent years, increasing concerns have 
been focused on the combination with different method (Petelet-Giraud et al., 2007; Kumar et al., 2009; 
Guggenmos et al., 2011; Al-Charideh and Hasan, 2012). The multivariate statistical methods combined with 
geochemical processes of major ions have been testified as the effective approaches to interpret the present 
water chemicals characteristics and evolution (Belkhiri et al., 2010). Uncertainties in each approach to 
estimating recharge underscore the need for application of multiple techniques to increase reliability of 
recharge estimates (Scanlon et al., 2002). 
In this case, the CFCs concentration and the stable isotopes of oxygen and hydrogen were combined to 
33 
 
identify the interaction of surface water and groundwater and to delineate the hydrological feature in a 
recharge area of Sha river basin.  
4.2 Site Description 
Sha River basin is located in the mountainous area of the Lake BYD watershed (Fig.4- 2). The study 
area has a temperate semi-humid climate with the average annual air temperature of about 12.6 oC. The 
annual precipitation is 550～790 mm with 70% of that available between July and September. It can be 
divided visibly into dry (from October to June) and rainy (from July to September) season. The elevation of 
the basin decrease from 2773 m in the west to 187 m in the east. At the basin scale, topography drives 
regional flow from recharge to discharge areas such as streams (Cardenas, 2008). Wangkuai reservoir was 
built in the lower reach of the Sha River which is one of the important water sources for the domestic water 
usage of plain area. Beside the supply for urban, the reservoir water was also used to recharge Lake BYD in 
dry climate conditions by transferring water from it. Mountainous area is one of the major recharge areas for 
groundwater of NCP. 
The main river of Sha River sourced from the Tanghang Mountain and receives inflow of tributary 
rivers when it flows downwards to the direction of Wangkuai reservoir. The shape of Sha River has an “S” 
shape from upper to lower reach. The sediments of alluvial aquifer are mainly composed of gravels with 
hydrologic conductivity (Kx) ranging from 300～700 m/d in the upper reach. When water flows into the 
middle reach of Sha river, the valley and river surface become wider and wider because of the enlarged 
recharge area. The sediments of alluvial aquifer are mainly composed of gravels and sand with Kx ranging 
from 100 to 300 m/d. The sediments of alluvial aquifer in the lower reach are mainly composed of sands, and 
silt with Kx ranging from 30 to 100 m/d (Zhang et al., 2009). The geology of Sha river basin belongs to the 
Tanghang uplifting where granite and limestone are the major base rock. The water table generally is not far 
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below the land surface in alluvial valleys. 
 
 
Fig.4- 2 Figures showing the position of Sha river basin in Lake BYD water shed and the positions of 
samples along Sha River (a) and the elevation of the Sha River basin (b). 
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4.3 Field Survey and Sampling 
Field survey and sampling were mainly carried out from upper reach to lower reach along the Sha river 
in May 2011. Samples conclude 9 spring waters (S1～S9), 13 river waters (R1～R13), 1 reservoir water 
(R14) and 13 groundwater waters (G1～G13), of which, G6 was taken from deep groundwater (Fig.4- 2 and 
Fig.4- 3). Of all spring waters, only the sites of S3 and S6 which are near to the river water, are located at the 
same position as shown in Fig.4- 2. Other spring water, which is sourced from the hill region, was transferred 
from the hill region to the sampling sites as the drinking water for local people. Groundwater and spring 
water are distributed along the two sides of the Sha River.  
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Fig.4- 3 The positions of sampling points along the section line of Sha River. R2, S2 and G2 belong to 
another section line of Qingyang River. 
 
The methods for determining the major parameters such as Water table, pH, EC, ORP, etc., and major ions 
have been described in Chapter 3.1. Isotopes for analysis of 2H, 18O have been described in Chapter 3.2. 
CFCs samples were collected at two spring water sites of S3 and S9, and 11 wells exclusive of G2 and G12. 
The sampling method for chlorofluorocarbons (CFCs) is according to (Han et al., 2007) and the analysis 
have been described in Chapter 3.3.  
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4.4 Results  
4.4.1 Basic Parameters 
In the mountain area, the depths of polluvial/alluvial sediments are shallow. The well depth ranges from 
2 to 35 m. The parameters including pH, EC, ORP, Temperature, and DO in the field survey are shown in 
Table 4- 1. The pH values have a decreasing sequence of river water, spring water and groundwater. The EC 
is positively correlated with the concentration of ions, which can thus be indirectly calculated from EC. 
Therefore, EC can be regarded as a water salinization index (Liu et al. 2003). The mean EC values show that 
the groundwater has a highest value and river water and spring have similar values. The temperature of river 
water is higher than that of spring water and groundwater. The DO means of river water and groundwater are 
1.96 and 1.47 mg/l, respectively, while that of spring is lowest with a mean of 0.96 mg/l.  
 
Table 4- 1 Parameters in field survey in 2011. 
Water type 
Items 
N Minimum Maximum Mean Std. 
Deviation 
Variance 
River water 
pH 14 7.86  8.46  8.12  0.17  0.03  
EC(uS/cm) 14 409  614  511  51  2644  
ORP(mV) 14 151.7 284.9 215.2  36.9  1359.9  
Temperature 14 18.7 25.9 23.6  2.1  4.4  
DO(mg/L) 12 0.38 2.051 1.96  3.65  13.30  
Spring water 
pH 8 7.56  7.84  7.71  0.10  0.01  
EC(uS/cm) 8 347  1047  505  228  52099  
ORP(mV) 8 28.2 245.9 175.5  72.1  5204.5  
Temperature 7 12.2 28.1 19.7  6.1  37.7  
DO(mg/L) 6 0.31 2.54 0.96  3.1  9.6  
Groundwater 
pH 13 7.36  7.93  7.61  0.18  0.03  
EC(uS/cm) 13 478  1162  640  181  32707  
ORP(mV) 13 -186.3 256.8 168.7  114.7  13156.7  
Temperature 13 12.3 18.7 15.5  2.0  4.1  
DO(mg/L) 13 0.02 4.25 1.47 3.54  12.56  
 
4.4.2 Stable Isotopes in River, Spring and Groundwater 
The statistic characteristics of hydrogen and oxygen isotope compositions in river, spring and 
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groundwater were listed in Table 4- 2. The means of isotopes have a decreasing sequence of river water, 
groundwater and spring. The δ2H and δ18O components in river water are largest with means of -60.4 and 
-8.89‰, respectively. While the δ2H and δ18O components in spring water are lowest with means of -61.8 
and -9.23‰, respectively. It suggests that the spring water and groundwater delegate the perennial mean 
condition instead of the river water. The variation coefficient of δ2H and δ18O value of river water, spring 
water and groundwater also show the same order as that of means. This indicates that the spring water is the 
most stable which has little connection with the river water. However, groundwater with large variance value 
shows that it may be affected by river water. The isotope compositions of river water may be more enriched 
than groundwater. The isotopic features of river water, spring water, and groundwater will be discussed, 
separately.  
Table 4- 2 Statistic characteristics of hydrogen and oxygen isotope compositions in river, spring and 
groundwater 
  
δ2H δ18O 
Water body 
N Min. Max Mean Std. 
Deviation 
Variance Min Max Mean Std. 
Deviation 
Variance 
River water 14 -70.9  -49.3  -60.4  5.24  27.42  -10.27  -7.43  -8.89  0.67  0.45  
Spring water 8 -66.6  -59.6  -61.8  2.73  7.46  -9.87  -8.81  -9.23  0.33  0.11  
Groundwater 13 -69.6  -54.1  -61.0  4.31  18.60  -10.28  -8.56  -9.19  0.50  0.25  
4.4.3 Apparent Age of Spring Water and Groundwater Based on CFCs 
Apparent groundwater ages are a measure of the time since the water entered the saturated zone and was 
isolated (through additional recharge) from the atmosphere (Szabo et al., 1996). Apparent groundwater ages 
can be determined by using the transient tracers tritium and helium3 (3H/3Heage) (Busenberg et al., 1993; 
Plummer et al., 1993; Schlosser et al., 1988; Schlosser et al., 1989). The apparent age of a groundwater is 
then dependent on the Henry’s Law constant calculated at the recharge temperature (Warner and Weiss, 
1985; Bu and Warner, 1995), which is generally taken to be equivalent to the annual average air temperature. 
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Then, the measured CFC concentrations in the groundwater were calculated, which are converted into the 
corresponding atmospheric CFC concentrations with the CFC concentrations in equilibrium with air 
(http://water.usgs.gov/lab/software/air_curve/). Here, the historical CFC concentrations in the North 
Hemisphere air were used (http://water. usgs.gov/lab/) to evaluate ages of groundwater. The CFC input 
functions derived from the CFC partial pressures in the Northern Hemisphere air were used in the study area 
without modification. In the calculation, the recharge temperature was determined by the annual mean 
temperature in Baoding (13.8 oC), which is close to the average temperature of spring water and shallow 
groundwater (15.4 oC).  
In this study, CFC apparent ages were obtained using the method of Plummer et al (2006b), and the 
results of the age evaluation of two spring waters and groundwater CFC are given in Table 4- 3. When the 
three ages are close, it is highly confidential to the model age of the groundwater sample (Han et al., 2001). 
CFC-11 has showed a greater propensity for degradation and/or contamination from sampling equipment 
than CFC-12 (Busenberg et al., 1993; Plummer and Busenberg, 2005). The concentrations of CFC-11 exceed 
the limit of the age estimation indicating the possible contamination. The difference between CFC-12 and 
CFC-113 estimation ranges from 0 to 10.5 a, and the apparent age estimated by CFC-113 are older than 
CFC-12. There is good agreement between CFC ages estimated by CFC-12 and CFC-113 only for G1. The 
apparent ages is 26.5 a. The apparent ages for other samples range from 22.5 to 35.5 a and from 24.5 to 33.5 
a, according to the estimation of CFC-12 and CFC-113, respectively. The groundwater age estimations by 
CFC-113 are younger than those by CFC-12. A number of processes may have altered CFC concentrations, 
for example, contamination with particular CFC compounds during sampling or CFC degradation and 
sorption processes (Han et al., 2012). Generally, the CFC-12 age is considered to be the most reliable for 
several reasons (Liu et al., 2013), such as its less possibility of contamination from sampling equipment 
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(Busenberg et al., 1993), less adsorption onto soils (Weeks et al., 1982) and lower solubility in water than 
CFC-11 and CFC-113 (Plummer et al., 1993; James, 1997). For this study, the mean DO is 1.47 mg/l and the 
mean ORP value is 168.7 mV, making CFC degradation under anoxic conditions unlikely (Plummer and 
Busenberg, 2005). Therefore, the CFC-12 and CFC-113 ages of the available samples were used as the 
determined age in this study (Table 4- 3).  
 
Table 4- 3 Estimated apparent age of groundwater by using CFC-12 and CFC-113 in spring water and 
groundwater.  
ID 
Well 
depth 
(m) 
Ground- 
water depth 
(m) 
Water level 
(m) pH 
EC 
(uS/cm) ORP(mV) 
T 
(oC) 
CFC-11 CFC-12 CFC-113 
pptv 
Apparent  
age 
pptv 
Apparent  
age 
pptv 
Apparent  
age 
S3 
   
7.71  543  221.0  12.2  29003.81  
 
206.07  37 27.87  29 
S6 
   
7.77  386  244.0  13.3  2577.45  
 
252.38  34.5 46.10  25.5 
G1 6 3.59  770.41  7.87  603  173.1  12.3  38247.02  
 
351.53  28.5 40.52  26.5 
G3 5 2.95  757.05  7.54  574  157.4  13.6  2060.68  
 
222.39  36 36.98  27 
G4 10 7.50  476.50  7.55  1162  138.3  15.4  355.83  
 
135.04  40.5 24.93  30 
G5 11 3.00  438.00  7.62  571  178.0  13.3  16664.80  
 
254.70  34.5 25.43  30 
G6 a 90 3.00  385.00  7.74  521  189.1  16.0  134.26  34.5 462.98  22.5 
  
G7 3.5 1.90  364.10  7.81  627  251.2  14.0  7803.50  
 
291.74  32.5 50.01  24.5 
G8 35 3.00  297.00  7.54  689  131.4  18.7  1446.19  
 
320.87  30 50.62  24.5 
G9 6 4.07  282.93  7.36  623  226.9  13.8  2497.25  
 
391.43  26.5 40.72  26.5 
G10 10 4.81  257.19  7.42  809  245.7  15.8  28170.90  
 
601.63  
 
40.34  26.5 
G11 9 7.40  222.60  7.48  478  198.0  17.5  3250.77  
 
195.71  32 18.55  27.5 
G13 12 8.00  202.00  7.71  507  256.8  18.6  34232.21    228.61  35.5 15.98  33.5 
a Deep groundwater. 
4.5 Discussions 
4.5.1 Relationship of River Water, Groundwater and Spring Water 
Fig.4- 4 shows the δ2H and δ18O relationship of river water, spring water and groundwater in 2011 
which were compared with the Global Meteoric Water Line (GMWL) and local meteoric water line (LMWL). 
Almost all of the samples are distributed around the suggesting that all waters are recharged by precipitation. 
River water distributes within a wide range as well as groundwater, while spring water distributes in a 
relatively small range. Infiltration through the unsaturated zone occurs via the porous matrix and/or through 
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macropore existing in the soil, so called ‘fast’ pathways (Wang et al., 2009). The geometry of this porous 
network and the degree of water saturation provides slow or fast pathways for water to follow, along which 
mixing occurs. These different flow paths will affect the isotopic compositions of water as it enters the 
saturated zone because the seasonal variations in precipitation or surface water can be smoothed or 
attenuated (Clark and Fritz, 1997). The smallest variation coefficient of spring water indicates that the 
isotope components of spring water have been attenuated when precipitation infiltrates from surface to 
spring water. However, the similar distribution of δ2H and δ18O points and the relatively large variation 
coefficient of groundwater and river water indicated that the close connection of groundwater-river water.  
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Fig.4- 4 Relationship of δ2H and δ18O in all sample of Sha River basin in 2011. The global meteoric water line 
(GMWL) is from (Craig, 1961).The local meteoric water line (LMWL) was obtained from the precipitation data 
of an experiment site in Beiyishui River basin. 
 Fig.4- 5 shows the variation of δ2H and δ18O of river water, spring water and groundwater along Sha 
River. The δ2H and δ18O components in Wangkuai reservoir (R14) are largest showing the evaporation effect 
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of the water surface. The δ2H and δ18O components increased from R1 to R4 exclusive of R2 because R2 is 
located along a tributary river of Qingyang. The increasing trend for δ2H exists from R4 to R13, while there 
is little change for δ18O. The isotope values for most of river water, spring water and groundwater samples at 
different site along the river are similar suggesting that the close connection of spring-groundwater-surface 
water. Evaporation is a major process of water cycle. The evaporation of water will lead to the enrichment of 
isotopes of δ2H and δ18O components. The isotopes of δ18O and δ2H in river water are similar to but slightly 
higher than those in groundwater in upper reach (Fig.4- 5(b)). The evaporation of surface has a little impact 
on river water. The reason is that the width of rive is small and the rate of river flow is large. However, when 
water flows to the middle and reach of the Sha river basin, the surface of river became wider and wider. 
Therefore, the δ18O and δ2H in river water is higher than spring water and groundwater in middle reach (from 
R6 to R11), which indicates the evaporation effect exists in river water of middle reach. From R11 to R14, 
the isotope components of river water and groundwater are same suggesting that the groundwater recharged 
into river. 
The increasing trend of δ2H in surface water shows the elevation effect of isotopes (Fig.4- 6). 
Particularly, the similar fitting lines of elevation and δ2H components for the river water and groundwater 
also verified that the close interaction of groundwater-river water. Evaporation is the major process to 
influence the isotope components of river water, spring water, and groundwater with shallow depth. 
 Along the section line vertical to the groundwater flow direction, the relationship of spring water, 
groundwater and river water can be explained with several viewpoints: firstly, the similar elevation effect of 
isotopes and isotopes values in river water, spring water and groundwater suggests that three water bodies 
has the similar recharge source from precipitation. Secondly, the river water and groundwater has a close 
interaction with each other. 
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Fig.4- 5 Variation of δ2H and δ18O along the Rivers from upstream to Wangkuai reservoir. 
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Fig.4- 6 Relationship of elevation and isotopes of δ2H (a) and δ18O (b). 
4.5.2 Fractions of Young Groundwater 
The identification of water mixing processes can give useful information in hydrological investigations. 
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The binary groundwater mixing approach is widely used for the interpretation of variations of physical and 
chemical parameters (e.g. conductivity, water chemistry and stable isotopes) and also can be applied when 
multiple CFCs are analyzed (Plummer et al., 2006). In binary mixing, simple dilution occurs because the old 
fraction is assumed to be free of the tracer and, consequently, the age of the young fraction can be calculated 
from the ratio of the two tracers(Gooddy et al., 2006). Fig.4- 7 shows the simplest binary mixing model 
which used a mixture of two end-members with atmospheric CFC concentrations. One end-member is a 
given recharge date derived from piston-flow model study and another is the CFCs-few water. The fraction 
of young water is estimated according to the position on the two end-member mixing lines (Plummer et al., 
2006a). G10 and G6 was located outside the region bounded by piston flow and binary mixing, suggesting 
G10 has probably been affected by other processes besides those of air–water equilibrium and dilution (Han 
et al., 2012) and G6 might be old water with CFCs-free water. For example, G5 show the location of a 1:1 
and 0.67:0.33 mixture of water recharged in 1984 with old, CFCs-few water, respectively. The results were 
shown in Table 4-4. The mixture ratio decreases with the decreasing FCF-12 concentration, suggesting that 
the groundwater is primarily influenced by the fraction of young water after 1980 in the sample (Fig.4- 8).  
Both S3 and S6 show the mixing of old and young water. The mixing water at S6 is younger than S3, 
suggesting the fowpaths of groundwater at S3 is much longer than that of S6. Of all groundwater samples, 
G6 was taken from a deep groundwater aquifer with groundwater depth of 90 m and the CFC-113 was not 
detected at this site showing that the deep groundwater is older than 50 year. 
The mixing of groundwater might be composed of the groundwater flow from different flow path of hill 
region. The isotope components of δ2H and δ18O showed that the groundwater and river has a close 
connection with each other. Therefore, the mixing of river water can also account for the mixing of CFCs. 
Take a groundwater flow path along the river (G3→G7→G8) as an example, the mixing fraction of young 
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water also increased from 0.41 to 0.59 (Table 4- 4). This indicates that the mixing of surface water increased 
downward the river flow.  
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Fig.4- 7 Binary mixing model ideal curves based on CFC-113 and CFC-12 concentrations in groundwater. 
 
Table 4- 4 Fraction of young groundwater based on the binary mixing model 
ID 
Well 
depth 
CFC-12 
(pptv) 
CFC-113 
(pptv) 
Mixing 
water 
Mixing ratio 
of young 
groundwater 
S3 
 
206.07 27.87 1988 0.45 
S6 
 
252.38 46.10 1995 0.46 
G1 6 351.53 40.52 1986 0.85 
G3 5 222.39 36.98 1995 0.41 
G4 10 135.04 24.93 1995 0.25 
G5 11 254.70 25.43 1984 0.67 
G6 90 462.98 0.00 
  
G7 3.5 291.74 50.01 1995 0.53 
G8 35 320.87 50.62 1995 0.59 
G9 6 391.43 40.72 1984.5 1.00 
G10 10 601.63 40.34 
  
G11 9 195.71 18.55 1984 0.52 
G13 12 228.61 15.98 1980 0.73 
45 
 
100 200 300 400 500
CFC-12 concentration (ppt)
0.2
0.4
0.6
0.8
1
Fr
ac
tio
n 
of
 y
ou
ng
 w
at
er
 (<
50
 y
ea
rs
)
S3
G5
S6
G7
G1
G8
G3
G9
G4
G11
G13
 
Fig.4- 8 Relationship of CFC-12 concentration and fraction of young water according to the binary mixing 
model. 
4.5.3 Characteristics of Groundwater-surface water Interaction in the Sha River 
Basin 
As precipitation is the source for groundwater (Fig.4- 4). It need some time for precipitation to infiltrate 
and recharge to the groundwater. Then the residence time will be longer and longer when groundwater flows 
along the flow paths. Consequently, the CFC-12 concentration of groundwater decreased with the depth 
(Fig.4- 10(a)) Water extracted from a borehole or flowing from a spring is generally considered to be a 
mixture of waters from all the flow lines reaching the discharge point (Böhlke, 2002). The interaction of 
groundwater and surface water affect the interpretation of the groundwater dating methods as well as the 
interpretation of other groundwater solute fluxes. Influenced by the interaction of groundwater- surface water, 
the fraction of young water shows no obvious trends with well depth. Additionally, the extent of 
groundwater-surface water interaction in different reach of the basin makes the CFC-12 concentration and 
fraction of young water different. The regional groundwater flow was controlled by the topography to a large 
extent because the hydrological gradient from upper reach to lower reach shows a positive relationship to 
gradient of elevation (Fig.4- 9). Considering the topography and relief, the features of stable isotopes and the 
CFC-12 concentration from upper reach to lower reach, the basin was divided into three reaches to discuss 
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the characteristics of water cycle: (1)Upper reach with distance ranging from R1 to R5 for river water, from 
S1 to S4 for spring water, and from G1 to G4 for groundwater; (2) Middle reach with distance ranging from 
R5 to R10 for river water, from S4 to S9 for spring water, and from G4 to G10 for groundwater; (3)Lower 
reach with distance ranging from R10 to R13 for river water, and from G10 to G13 for groundwater 
(Fig.4-3).  
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Fig.4- 9 Plots showing the hydrologic gradient has a positive trend with gradient of elevation. 
4.5.3.1 Interaction of groundwater-surface water in the Upper reach 
The mean elevation gradient of this region is 0.0123 and the hydraulic gradient is 0.0121. As the head 
area of the Sha River, the recharge area is relatively small. A conceptual figure displays the hydrologic 
process clearly Fig.4- 10(a). The sediments of alluvial aquifer are mainly composed of gravels with 
hydrologic conductivity (Kx) ranging from 300～700 m/d. The groundwater recharges to river water with 
quick flow rate which has been verified by the same stable isotope of δ18O in river water and groundwater. A 
spring is a water resource formed when the side of a hill, a valley bottom or other excavation intersects a 
flowing body of ground water at or below the local water table. Most of the spring waters, exclusive of S3 
and S6, are located in the side of hill. As the spring water was transferred to village of the valley to be as the 
drinking water for local people. The evaporation during the transferring process can lead to the isotope of 
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δ18O slightly higher than groundwater. S3 is located at the other side of the Sha river basin. The distinct 
feature of isotopes with R4 indicates that the groundwater flow path is different. Beside the section line 
vertical to the river flow direction, the groundwater flow downwards to the river flow direction. The 
increasing CFC-12 concentration and fraction of young water with increasing distance from G1 to G4 
indicates that the lateral groundwater recharge (Fig.4- 10 (b) and (d)). As the river has an “S” shape in this 
region, it seems that river water can recharge groundwater downstream. However, the isotopes, CFC-12 
concentration and fraction of young water in groundwater didn’t show the obvious impact by river water. 
The reason might be the small flux of river in this region. So the river water recharge to groundwater can be 
ignored here.  
4.5.3.2 Interaction of groundwater-surface water in the middle reach 
The mean elevation gradient decreased to 0.079 and the hydrologic gradient decreased to 7.61, 
correspondently. Major rivers have valleys that usually become increasingly wider downstream (Winter, 
1999). Similar to the section vertical to the river flow direction of the upper reach, Fig.4- 11 (b) also show 
the conceptual hydrological processes in middle reach. Both of the spring water and groundwater recharge 
into river water. On the other hand, the river water recharges to groundwater downstream. Several evidences 
were found to support this speculation. Firstly, the sediments of aquifer are mainly composed of gravels and 
sands where the Kx is high. Consequently, as the river flows as an “S” shape, the existence of hydrologic 
gradients between river water and water table results in the recharge from rivers to groundwater downstream 
(Fig.4- 10(b)). Secondly, the difference for isotope of δ18O exists between the river water and groundwater. 
The isotope of δ18O increases from G5 to G10 sections and then decreases from 10 to R13 sections because 
of the recharge of δ18O-depleted river water upstream to groundwater downstream. Thirdly, the CFC-12 
concentration and fraction of young water including the river water has a decreasing trend along the flow 
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path towards the lower reach (Fig.4- 10 (b) and (d)). That means the groundwater accepts increasing recharge 
from river along the river. The residence time of groundwater in this region is likely to be on average very 
much less, with mixing of recently recharged groundwater and interaction between groundwater and stream 
water.  
4.5.3.3 Interaction of groundwater-surface water in the lower reach 
The mean elevation gradient decreased to 0.0032 and the hydrologic gradient decreased to 0.0036, 
correspondently. The width of valley and river surface are largest because the recharge are includes the total 
Sha River basin (Fig.4- 2). And the river flows directly toward the Wangkuai reservoir. Fig.4- 11(c) shows 
the conceptual hydrological processes in lower reach. The similar isotope of δ18O also verified that the 
groundwater recharge to river water. Beside the groundwater flow at the two sides of the river, the regional 
groundwater flow from upstream is another mixing source for groundwater of this region. The CFC-12 
concentration became older and older and fraction of young water decreases from 1 to 0.73 along the flow 
path towards the lower reach (Fig.4- 10 (b) and (d)).  
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Fig.4- 10 Plots showing the relationship of well depth and CFC-12 concentration (a), distance and CFC-12 
concentration (b), well depth and fraction of young water (c) and distance and fraction of young water (d). 
The arrows show the groundwater flow direction. 
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Fig.4- 11 Conceptual model showing the three groundwater flow regimes moving down gradient through the basin 
which were divided into hydrologic processes in upper reach (a), middle reach (b) and lower reach (c) of the Sha 
River basin. The arrows show the groundwater flow direction from upstream to downstream, from surface water 
to groundwater, and from hill region to rivers. 
4.6 Conclusions 
The stable isotopes of δ2H and δ18O, concentrations of CFCs were combined to study the interaction of 
groundwater-surface water and the hydrologic processes of the Sha River basin. On the whole, the similar 
isotope components in river water, spring water and groundwater showed that they have a close connection 
with each other. A simple binary mixing model showed that the mixing of young water and old water 
(CFCs-free) are major hydrologic processes in the study area. The whole basin was divided into three regions, 
upper, middle and lower reaches, where each region delegated the distinct characteristics of interaction of 
groundwater-surface water. In the upper reach, the river water was mainly recharged by groundwater and the 
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apparent age of groundwater became older along the flow path. In the middle reach, the river water 
interacted with groundwater. The groundwater of the two side of the river was the major source for river 
recharge. Along the groundwater flow path from upstream to downstream, the river water recharged into 
groundwater which was the reason to interpret the increasing fraction of young water. In the lower reach, 
groundwater recharged into river and it was the reason that the isotopes in river water and groundwater were 
almost same with each other. The evaporation of surface water caused that the isotopes of river water were 
larger than groundwater.  
As a result, Wangkuai reservoir was mainly recharged by river water and groundwater. As the close 
connection existed between river water and groundwater, both of the contamination of river water or 
groundwater will influence the water quality of the Wangkuai reservoir which is the major drinking water 
supply for people of Baoding. 
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Chapter 5 Relationship of Groundwater-Surface water 
affected by human activities in BYD region 
5.1 Introduction 
With industrialization and accelerated urbanization, municipal sewer leakage has been recharged into 
rivers which have become an important source of groundwater recharge (McArthur et al., 2012; Schirmer et 
al., 2013). This is particularly true for the aquifers located at arid/semi-arid climate regions where the human 
activities have led to the decrease runoff, drying of rivers, and declining groundwater levels. To effectively 
manage water resource within a basin, it is extremely important to investigate the recharge of polluted rivers 
and wastewater on groundwater. 
The major non-agricultural sources of groundwater contamination include leakage from water supply 
and disposal networks, on-site sewage disposal, contaminated land and contaminated rivers (Wakida and 
Lerner, 2005). Among these sources, evaporation ponds which are often lined to prevent infiltration have 
been widely used in arid regions for the storage and disposal of wastewater (Geophysics Study Committee, 
1984; Al-Kharabsheh, 1999). However, a large unlined evaporation pond is likely to act as a leaky surface 
water body with a tremendous impact on groundwater quality. On the other hand, the distribution of polluted 
rivers in the downstream of Baoding is typical and the largest in the North China. Among the eight inflow 
rivers of the Lake Baiyangdian, the only inflow river that has the perennial flows is Fu River, which is 
mainly sourced from municipal sewage with or without primary treatment from Baoding (Qiu et al., 2009). 
A large linear wastewater reservoir, Tang wastewater reservoir (TWR), is located at 20 km east of Baoding 
in the Lake Baiyangdian Watershed (Fig.5- 1). It was constructed paralleling to the Tang River to store the 
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industrial effluents from Baoding in 1975. Therefore, there is an urgent need to study the impact of the 
contaminated rivers and wastewater reservoir on groundwater. 
This paper is focused on the TWR, Fu River, and the groundwater between Baoding and Lake BYD of the 
Lake Baiyangdian watershed, China, to study the impacts of surface water on groundwater based on the 
application of multiple techniques. The aims of this paper are: (1) evaluating the influencing range of the TWR 
and Fu river on groundwater (i.e., extent and range), and (2) estimating the quantity and fraction of groundwater 
recharge from rivers. Various methods such as the water and mass balance principles, multi-tracers including the 
stable isotopes and major ions, as well as multivariate statistical methods were employed to achieve the aims.  
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Fig.5- 1 Location of study area in Lake Baiyangdian Watershed (a) and the sampling points in the study area (b). 
Samples which were taken in the upstream and deep aquifer of the watershed are used as the background values. 
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5.2 Site Description and Hydrogeological Characterization 
The study area is located in the plains area of the Lake Baiyangdian Watershed (Fig.1 (b)). The 
topographic features of the region include the lake and related depressions. The TWR is an unlined 
wastewater reservoir and with a length of 17.5 km and a width of 80 m, giving a maximum storage capacity 
of 8×106 m3. An alluvial flood plain and ancient river channels are distributed in the south and west of the 
study area (Wu, 2008). The region is characterized by a temperate continental monsoon climate with an 
annual average rainfall of 510 mm (Cui et al., 2010) and evaporation of 1369 mm (Liu et al., 2006). The 
majority of precipitation (75%) falls from June to September, while the majority of evaporation (54%) occurs 
from May to August. The mean annual air temperature is 13.8°C and the mean absolute humidity is 61% 
based on data obtained from the Baoding weather station of China meteorological data sharing service.  
The main stratigraphy of the plain area is composed of unconsolidated sediments of Quaternary Q4. Silt 
clay and clay are widely distributed in the aquifer (Fig.5- 2), which can be divided into four groups according 
to its stratigraphic features (aquifer groups I, II, III and IV). Groups I and II include the Holocene Qh, upper 
Pleistocene Qp3 and mid Pleistocene Qp2, while groups III and IV includes the Lower Pleistocene Qp1 and 
the Tertiary Qn stratigraphy, respectively. Field surveys and geochemical analyses of groundwater samples 
have revealed a two-layered structure of groundwater aquifer in the NCP with a lower boundary at a depth 
between 100 and 150 m (Chen et al., 2004). The shallow groundwater aquifer is composed of groups I and II, 
while the deep groundwater aquifer is composed of groups III and IV (Wang et al., 2008). Drilling data 
provided by China Geological Survey indicate that feldspar, mica and montmorillonite are major minerals in 
the aquifer. 
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Fig.5- 2 Section profile and flow path along profile of E-E’ in Fig.5-1 (modified by Zhang et al., 2009). 
 
5.3 Methods 
5.3.1 Sampling and Analytical Procedures 
Field survey and sampling were mainly carried out in June, 2009. Two wastewater samples were taken from 
the TWR in Sept. 2008. Groundwater is divided into shallow groundwater (SGW) with depth less than 100 or 120 
m and deep groundwater (Deep GW) with depth greater than 100 or 120 m (Wang et al., 2013). In the watershed 
scale, water samples were taken from the shallow aquifer upstream of the Baoding (Upstream SGW) and deep 
aquifer (Deep GW). Samples of the study area include the sewage water in Fu River water (F2～F5), Baiyangdian 
Lake (B1, B3), wastewater from the TWR (T1-2, T2～T6) and shallow groundwater (S1～S23) (Fig.5- 1 (b)). The 
industrial wastewater and domestic sewage of Baoding was concentrated in two channels at the southeast of 
Baoding, where samples of T1-1 and F1 were taken, respectively. Then the industrial wastewater was transported 
into the TWR by underground channel while the domestic sewage was transported into the Fu River.  
Near sites S13 and S14, two soil profiles were drilled from surface to 200 cm depth and soil samples were 
collected with 10 cm depth intervals. Water leached from these soil samples were used to analyze the water 
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chemical parameters including calcium, magnesium and sodium.  
The measurement and analysis methods for major parameters including water table, pH, EC, and T, major 
water chemicals and stable isotopes (δ2H, δ18O) have been described in Chapter 3.1 and Chapter 3.2.  
5.3.2 Cluster Analysis 
Cluster analysis is an efficient method of analyzing and displaying complex relationships among a 
considerably large number of samples. This technique has been used in a number of studies to distinguish 
water quality characteristics (Kumar et al., 2009; Belkhiri et al., 2010; Zhang et al., 2012a). Cluster analysis 
can be run in Q-mode, in which clusters of samples are sought, or in R-mode, where clusters of variables are 
desired. In the present study, the Euclidean distance, which gives the similarity between two samples and a 
distance can be represented by the difference between analytical values from the samples, was used to 
compare samples (Otto, 1998). When combined with Ward’s linkage method (Ward, 1963), cluster 
classification was performed on a normalized data set to produce the most distinctive groups in which each 
member of the group is more similar to its fellow members than to any member outside the group. R-mode 
Hierarchical Cluster was used to classify parameters with similar features for all samples in the study area. 
Q-mode Hierarchical Cluster Analysis was used to classify the samples influenced by the TWR into different 
groups according to eleven water quality variables (pH, EC, Na+, K+, Ca2+, Mg2+, Cl-, SO42-, NO3-, HCO3- 
and SiO2). The water chemical data of the samples was statistically analyzed using the STATISTICA (1998) 
software. 
5.3.3 Rayleigh Evaporation Model of Stable Isotopes 
Craig and Gordon (1965) developed the Craig-Gordon (CG) model to describe the isotopic composition 
of an evaporative flux of water. There are several parameters that are needed to use this model, including the 
‘the free-atmosphere’ of the water body and the equilibrium and kinetic (diffusion-controlled) fractionation at 
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the liquid–vapor interface and in air, respectively (Horita et al., 2008). A simple model of stable isotopes of 
hydrogen and oxygen can be developed incorporating both the equilibrium and kinetic enrichment factors of 
water that has undergone evaporation (Butler II, 2007). The general form of a Rayleigh distillation equation 
states that the isotope ratio of the reactant in a diminishing reservoir is a function of its initial isotopic ratio 
(R0), the remaining fraction of that reservoir (f) and the fractionation factor (ε, ε=αv-w-1) for the reaction, 
which incorporates both equilibrium (εw-v) and kinetic fractionation (Δεv-bl) (Clark and Fritz, 1997).  
( 1)
0R R v wf
α − −=                            (1) 
After converting the isotope ratios to δ values, equation (1) can be given as: 
0exp[ln( ) ( ) /1000] ( 1000) 1000fδ ε δ= × × + −    (2) 
The equilibrium isotope fractionation factor is strongly dependent on the temperature (T, in Kelvin 
degree) of the reaction, which can be determined at different temperatures through experimentation 
(Majoube, M., 1971; Horita and Wesolowski, 1994). In this study, the following equations were adopted to 
calculate the equilibrium fractionation factors (Majoube, 1971): 
3 18 6 2 310 ln O 1.137(10 / T ) 0.4156(10 / T) 2.0667w vα − = − −              (3) 
3 18 6 2 310 ln H 24.844(10 / T ) 76.248(10 / T) 52.612w vα − = − +             (4) 
Kinetic effects are influenced by the surface temperature, wind speed, salinity and most importantly, 
humidity (Clark and Fritz, 1997). Gonfiantini (1986) described the kinetic effects in terms of humidity (h) 
using the following relationships: 
18O 14.2( 1)v bl hε −∆ = −                           (5) 
2 H 12.5( 1)v bl hε −∆ = −                            (6) 
5.3.4 Channel Water Balance 
The channel water balance is described as (Lerner 1997): 
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SR Q Q Q Q E
t
∆
= − + − − −
∆∑ ∑
            (7) 
where R is the recharge rate, Q is the flow rate, Qup and Qdown are flows at the upstream and downstream 
ends of the reaches, Qin and Qout refer to tributary inflows and outflows along the reach, Ea is the 
evaporation from surface water or stream beds and ΔS is the change in storage in the channel and 
unsaturated-zone with time (Δt). The key issue for estimation of recharge is determination of the residual 
items. It should be noted that this approach is limited in that the accuracy of the recharge estimate depends 
on the accuracy of the residual items of a water balance. This limitation is critical when the magnitude of the 
recharge rate is small relative to that of the other variables, especially evaporation. However, averaging over 
longer time periods tends to reduce the impact of extreme precipitation events that are most responsible for 
recharge events (Scanlon et al., 2002). 
As a case study of the TWR, it is assumed that the features of the channel bed are homogeneous. Qup is 
the inflow rate (Q) of wastewater at the west end. Qout is equal to zero because outflow is stopped by a sluice 
gate. It is also assumed that ΔS/Δt=0 because this study is not concerned with seasonal variation. Wastewater 
inflows, ∑Qin, are equal to precipitation (P) because there is no inflow along the channel. Since the TWR is 
an artificial reservoir with a river levee along two sides of a linear reservoir channel, the catchment for 
precipitation is limited to the water surface area. ∑Qout equals to the summation of evaporation (E) and 
irrigation water (I). Thus, the channel water budget of the TWR can be written as: 
R Q P E I= + − −             (8) 
In this case, the irrigation is considered to be part of the recharge item (R) because it is difficult to 
investigate the quantity of irrigation water that is pumped directly from the TWR. Thus, the estimated water 
recharge to the aquifer represents the summation of direct leakage and the irrigation return flow.  
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5.3.5 Mixing and geochemical models 
Groundwater has many recharge sources. In this study, a simple material balance model was applied to 
partition the amount of water recharged into the shallow groundwater: 
1
m
g g i i
i
M C M C
=
=∑
,
       (9)          
1
1
m
i
i
M
=
=∑
,
             (10) 
where M and C represent the mass and concentrations of the solute per volume of each water body; g 
represents groundwater; i=1, 2, … m, represent the different mixing sources.  
5.4 Results and discussions 
5.4.1 Characteristics of Groundwater System in BYD Region 
There was a groundwater cone of depression in the south part of the study area (Renqiu) because of over 
pumping (Fig.5- 3). Besides the Renqiu groundwater cone, the water table was also low in the west of Baoding. 
As a whole, the regional groundwater flowed toward the groundwater depression cone from northwest to 
southeast, and from southwest to northeast. Wastewater was used for irrigation in the downstream. Caused by the 
irrigation return flow and leakage of the contaminated river a reverse groundwater cone (R-GWC) existed in the 
region near the Baoding. The area with water table larger than -2 m covered 89.7 km2 and 186.6 k m2 in 
December 2003 and June 2005, respectively (Fig.5- 3). The R-GWC area was enlarged to the range of the TWR 
from 2003 to 2005 which indicates that wastewater from TWR was used for irrigation in summer. As the water 
level of surface water (the TWR, Fu River and Lake BYD) was higher than the water table of groundwater, it was 
concluded that the Downstream SGW of the study area near the TWR was mainly recharged by the surface water 
and the groundwater of the R-GWC region. 
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Fig.5- 3 Contour map of Shallow GW in the influencing region of the TWR in Dec. 2003 (a) and July 2005 (b) (The 
water table of 2005 is based on the data from Zhang et al., 2009). 
In the NCP, the existence of aquitard between shallow and deep aquifer make the hydraulic connection 
between them insignificant on a large scale. Research has showed that the deep groundwater before 10 kaB.P has 
the isotope of δ18O smaller than -9‰ and the isotope of shallow groundwater after 10 kaB.P is larger than it 
(Zhang et al., 2000). According to this classification, the results of all samples were divided into two groups; One 
group is mainly composed of the surface water, most of the shallow GW and several deep GW ((D18, D19, D1 
and D4) having isotope compositions of δ18O > -9‰ and δ2H > -67‰ (Group 1). Another group is composed of 
the deep GW, as well as points of S15, S16, S21 and S23, having isotope compositions of δ18O < -8.93‰ and δ2H 
< -67‰ (Group 2). It suggests that the deep groundwater was mainly recharged by precipitation with light 
isotopes in old times and has not been disturbed by the surface water. However, some deep GW samples, such as 
D18, D19, D1 and D4, interact with the shallow groundwater. These samples have the hydrogeochemical type of 
Ca-Mg-HCO3-SO4, as well as samples of upstream SGW. It revealed that fracture water ascending along a buried 
normal fault and lateral inflow from the proluvial fan feed the unconfined aquifer in the alluvial fan/plain (Yuan et 
al., 2011). In previous research, a sample, located at the same site with D1, is recharged by the fracture water of 
the mountain area. Therefore, the lateral groundwater flow including the SGW and deep GW in the upstream is 
regarded as one of the recharge sources for the downstream SGW. The effluent has no impact on sites of S2 and 
S17 because their contents are in the same range of the lateral groundwater of upstream and their flow paths show 
the Na+ exchange as well as the deep GW. The heavy isotopes of surface water and most of the downstream SGW 
suggest that they have close connection and strong evaporation occurs. It is supposed that the local precipitation is 
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not the dominant recharge source because most of the infiltration is lost by evapotranspiration before it reaches the 
water table in the alluvial fan/plain area (Yuan et al., 2011). The higher surface water level than the water table 
verifies that the surface water is a recharge source for shallow groundwater (Fig.5- 4 Water table and surface 
elevation in several sampling sites.).  
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Fig.5- 4 Water table and surface elevation in several sampling sites. 
5.4.2 Cluster Analysis 
The means of field observations, major ions, heavy metals and isotopic components of water samples 
from different water bodies are listed in Table 5- 1. An increasing trend in EC value and SO42-, Ca2+, Fe and 
Al ions was observed as follows: deep groundwater > upstream SGW > downstream SGW > TWR. The low 
concentrations of major ions (except Na+) and smaller isotope components of deep groundwater verified the 
existence of an aquitard, which reduces the hydraulic connection between shallow and deep aquifers. Since it 
has been affected by polluted surface water, the water quality of the downstream SGW is worse than that of 
the upstream SGW and deep groundwater. Therefore, the means of the water chemical values of the upstream 
SGW and deep groundwater were referred to as the background value to investigate the impact of the TWR 
on the shallow groundwater downstream. The values based on field observations and major ions of the TWR 
and shallow groundwater in the study are listed in Table A.1 of Supplemental Section. The changing patterns 
of concentrations of Si, Al, Mn and Fe were mainly used to discuss possible geochemical processes. 
The result of the HCA is illustrated with the dendrogram in Fig.5- 5 Dendrograms showing R-mode HCA (a) 
and Q-mode HCA (b) for all samples in the study area. The dendrogram of R-mode cluster analysis for all 
samples downstream divided the major variables into two main groups. The first group (Group I) contains EC 
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and SO42- in close association, suggesting that the concentration of SO42- has a strong effect on water quality. There are 
two subgroups in the second group (Group II). Subgroup (1) comprises Na+ and HCO3-. Since the major water 
chemical type of the wastewater in the TWR is Na-SO4, the close similarity between Na+ and HCO3- 
indicated that HCO3- is very closely associated with geochemical processes related to wastewater pollution. 
Subgroup (2) comprises other water chemicals such as Ca2+ and Mg2+ which have close similarity. The Q-mode 
cluster analysis classified water samples into four groups (Fig.5- 1 (b)): (I) sample S22 has the same linkage 
distant with sample T1-1 which indicates the pollution source. S22 has the high EC and high concentrations of 
SO42-, Na+, and Cl-, which are mainly induced from anthropogenic activities, indicating the pollution source. In 
field survey, it was found that there were reject wells of wastewater from local factory (II) samples located within 
100 m from TWR (e.g., S4, S20, S14) and S23, and wastewater (T1-2 to T6) belong to the same group which 
indicates these groundwater samples have a close connection to the TWR. Though S23 has a distance far from 
TWR, it is speculated that the direct wastewater irrigation has influenced the water quality seriously. The large 
number of cancer disease caught by people in this village also verified the deteriorated water quality; (III) samples 
in this group can be further divided into two sub-groups, one is comprised of samples with medium connection to 
the wastewater (e.g., S3, S13, S15, S16, and S19), and another is composed of samples with low connection to the 
wastewater (e.g., S12, S18, and S21); (IV) samples with little connection to the wastewater or influenced by Lake 
BYD and Fu River (e.g.,B1, B3, S2, S9, F1～F5, S1, S8, S5, S6, S10, S17, and S17). Of these samples, only S10 
and S11 are located in the south side of the TWR which represents the edge of the TWR contamination. Other 
samples are distributed in regions near the contaminated surface water (Lake BYD and Fu River) or in regions 
irrigated by domestic sewage from Fu River. The discussions of following sections were focused on the 
groundwater samples influenced by the TWR and groundwater samples influenced by Fu River and Lake BYD. 
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Fig.5- 5 Dendrograms showing R-mode HCA (a) and Q-mode HCA (b) for all samples in the study area. 
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Table 5- 1 Means of field observation, major ions, heavy metals, and isotopes of different water bodies in the Baiyangdian Lake Watershed. 
Item pH 
T EC Na+ K+ Ca2+ Mg2+ Cl- NO3- SO42- HCO3- Si Al Mn Fe δ2H/1H δ18O/16O 
(oC) (uS/cm) (mg/l)  (‰) 
TWR a 7.7 26.8 4553 836 22 202 47 232 71 2383 242 5.98 0.56 0.3 0.58 -41 -3.9 
Downstream SGW b 8.2 15.9 2309 308 2.9 89 104 184 16 736 420.6 5.45 0.36 0.34 0.35 -60 -7.2 
Upstream SGW c 8.0 15.5 710 21 5.5 83 30 30 41 70 284.7 7.22 0.22 0.15 0.16 -59 -7.5 
Deep GW d 8.4 19.4 517 77 1.3 31 15 36 10 59 250 6.28 0.12 0.28 0.15 -74 -9.6 
BYDe 8.50  28.30  1129. 142  8  52  45  128  4  174  283  1.13  0.08  0.01  0.12  -26  -0.9  
Fu River 7.75  28.30  1630  176  22  102  41  159  85  222  455  4.83  0.11  0.21  0.17  -51  -6.1  
Note: a-Tanghe wastewater reservoir; b-Downstream shallow groundwater; c-Upstream shallow groundwater; d-Deep groundwater; e-Baiyangdian lake
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5.4.3 Evaporation and Infiltration of the TWR  
5.4.3.1 Evaporation model of the TWR based on Rayleigh distillation of isotopes 
In this study, δ2H and δ18O values measured by combustion are reported as concentrations. Since 
only the free water molecules interact with the atmosphere, isotopic components in water with high 
salinity should be expressed as activities when modeling evaporation (Cartwright et al., 2009). Though 
the TDS of the TWR ranges from 3000 to 4500 mg/l, the differences between δ2H activities and 
concentrations ranged from -0.10 to -0.12 ‰ and there was almost no difference between δ18O activities 
and concentrations according to the calculation method of Horita (1989). Fig.5- 6 (a) shows the 
relationship between δ2H and δ18O activities in wastewater of the TWR and nearby groundwater. The 
isotope components of samples collected during dry season (June 2009) were larger than those collected 
in the rainy season (Sept. 2008). When water flowed along the river channel, the isotopes of the water that 
remained in the channel increased because of evaporation. The low slope (s=4.93) of the evaporation line 
of the TWR suggests a semi-arid climate. The variation of isotopes from the initial point (T1-2) to the east 
point (T6) of the channel displays the isotopic features of Rayleigh distillation of an open system.  
The average annual temperature of Baoding (13.8oC) was plugged into Eqs.(3) and (4) to calculate 
the equilibrium fractionation factors. Correspondingly, the vapor-water isotope enrichment factors were 
-84.7 and -10.2‰ for δ2H and δ18O, respectively. The evaporation line of the TWR extended backward to 
the intersect point (Po) with GMWL and LMWL at -67 and -9.5‰ for δ2H and δ18O, respectively Fig.5- 6. 
The δ2H values ranged from -100.2 to -2.39‰ and the δ18O values varied from -12.6 to -0.15‰, 
respectively, at an experimental site upstream of the watershed during 2008 and 2009 (Yuan et al., 2011). 
Therefore, it is reasonable to consider the isotope values as the initial average values for wastewater of 
the TWR. The slope of the evaporation line of the TWR, 4.93, was used to find the best-fit line when 
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using varying humidity values. The best-fit line was obtained when the humidity value was 50%, which is 
close to the average minimum humidity of 53% during the dry season. It should be noted that this model 
has several assumptions. Specifically, it is assumed that the reservoir is a steady state system with fixed 
inflow-outflow rates. Additionally, it is assumed that the water is fully mixed, and that all water is 
available for evaporative enrichment. To verify the assumption, two samples collected in surface and 
bottom of the middle part of TWR in 2011. Little difference of isotopes was found in water of different 
depth. The δ2H of surface water and bottom water are -51.8 and -49.2‰, respectively. The δ18O of surface 
water and bottom water are -5.93 and -5.67‰, respectively. Finally, Horita et al. (2008) pointed out that 
the environmental parameters of the C–G evaporation model constantly change over a short period of 
time. In this study, the evaporation during a year was based on the average values calculated in two time 
periods, the rainy season (September) and the dry season (June). The results showed that there was a 46% 
evaporation loss from the original precipitation of P0 to T6 in the dry season and 33% in the rainy season. 
Owing to the seasonal variation of the surface water, the mean evaporation loss (39.5%) of the dry and 
rainy season represents the annual evaporation loss. This percentage also represents the evaporation loss 
of the remaining water in the TWR after removing the leakage and irrigation quantity. 
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Fig.5- 6 (a) Evaporation model of δ2H and δ18O of TWR and shallow groundwater. The values of isotopes were 
shown with activities. The global meteoric water line (GMWL) is from (Craig, 1961).The local meteoric water line 
(LMWL) was obtained from the precipitation data of an experiment site in Lake Baiyangdian watershed. (b) 
Evaporation and leakage conceptual model of the TWR. The solid line represents δ2H (δ2H = 0.50 - 7.4, R2 = 0.963) 
while the dashed line represents δ18O (δ18O = 2.5x - 57.9, R2 = 0.966), where x is the distance. The average 
evaporation fraction (0.2) of groundwater is obtained from (a). 
5.4.3.2 Evaporation and leakage conceptual model 
The points of δ2H and δ18O in groundwater of group I, II, and III, which are divided according to cluster 
analysis (Fig.5- 5 (b)), are distributed in the lower part of the LMWL (Fig.5- 6 (a)). Among these points, 
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isotopes of site S5, which is located in the east of the TWR near Lake Baiyangdian, are larger than the 
other points. Water table loss from well abstraction in the study area not only has limited groundwater 
discharge into the lake, but has also accelerated lake leakage into the underlying aquifer systems (Moiwo 
et al., 2010). In addition, S5 contains Na-Mg-HCO3-Cl type water, which is same as that of Lake 
Baiyangdian, but different from that (Na-Mg-SO4-HCO3) of groundwater influenced by the TWR. Taken 
together, these findings indicate that the water quality at S5 is more strongly influenced by Lake 
Baiyangdian than the TWR. The evaporation line of shallow groundwater has a similar slope (4.97) to 
that of the TWR (4.93); thus, the average evaporation loss of groundwater can be calculated based on the 
evaporation model developed for the TWR. These results indicate that the average evaporation loss 
percentage of shallow groundwater is 20%, suggesting that evaporated wastewater has impacted the 
groundwater. A conceptual model of evaporation and leakage showing the variation of isotopes and 
fraction of water remained in the TWR for samples can be simplified as Fig.5- 6 (b). The linear trends 
along the channel indicate the evaporation and leakage discharge is uniform. To understand the effects of 
the evaporation loss on wastewater in the TWR, the wastewater flowing into the TWR channel and 
aquifer was considered as one unit and the TWR was divided into six cells (Cell I to Cell VI). We divided 
the TWR into six cells (from Cell I to Cell VI). Table 5- 2 shows the variation of isotopes and fraction of 
evaporation loss (fe) and water remaining in the TWR and groundwater reservoir (fr) in two seasons. 
When water flowed from the first cell to the second cell, a certain percentage of water was removed from 
the reservoir by evaporation, while additional water was lost via leakage and irrigation. Due to 
evaporation, isotopes components have the linear increasing trends with the increasing distance along the 
channel (δ2H = 0.50 - 7.4, R2 = 0.963; δ18O = 2.5x - 57.9, R2 = 0.966, where x is the distance from T1-2). 
This linear relationship indicates that the evaporation and leakage discharge is uniform. Evaporation also 
69 
 
leads to an increase in the concentration of stable ions such as Na+ and Cl-. We assumed that the leakage 
and irrigation occurred after the evaporation; therefore, the average evaporation loss (cell VI, 39.5%) of 
the surface water remaining in the TWR channel includes the average evaporation loss of groundwater 
(20%). Therefore, the accumulated evaporation loss of the wastewater in the TWR channel should be 39.5 
minus 20%, or 19.5%. Overall, these results indicate that 19.5% of wastewater was lost in evaporation, 
while 80.5% of wastewater was recharged into groundwater by direct leakage and wastewater irrigation.  
Table 5- 2 Estimated fractions of evaporation loss and wastewater remained in the TWR in dry and rain season 
a fr—is fraction of wastewater remained in the TWR; b fe—fraction of wastewater lost by evaporation; c The 
fractions in cell VI delegate the average values of the whole TWR for dry and rain season, 
respectively； dD—Distance from T1-2. 
5.4.3.3 Leakage estimation by water balance of river channel 
The annual mean precipitation (510 mm, Cui et al., 2010) and evaporation (1369 mm, Liu et al., 2006) 
in the region of Lake Baiyangdian were used to calculate the items of Eq.(8). Therefore, the annual 
precipitation (P) input of TWR was calculated using the mean precipitation (Pa): 
P=Pa×A=510×10-3×80×17.5×103=0.71×106 m3/a. The evaporation of TWR was calculated as: 
E=Ea×A=1369×10-3×80×17.5×103=1.92×106 m3/a, where A is the surface area of the TWR. A field survey 
revealed that the TWR primarily accepted effluent from a particular company that reportedly released 
0.03×106 m3/d of treated wastewater in 1995. Therefore, the annual mean input of Q was deduced, which 
Cell number ID Dry season (June 2009) Rain season (Sept. 2008) 
  
fra feb Dd δ2H δ18O Na+ Cl- fra feb δ2H δ18O Na+ Cl- 
  
(%) (%) km ‰ ‰ mg/l mg/l (%) (%) ‰ ‰ mg/l mg/l 
 
P0 100 0 
 
-67  -9.5 
        
I (P9→T1-2) T1-2 87 13 0 -57  -7.0  695  192  
  
-58  -7.8  
  
II (T1-2→T2) T2 80 20 3 -47  -5.5  659  243  85.5 14.5 -51  -6.9  420  214  
III (I2→T3) T3 79 21 6 -48  -5.6  725  241  
      
IV (T3→T4) T4 69.5 30.5 9 -37  -3.0  769  266 
      
V (T4→T5) T5 59.5 40.5 13 -22  -0.4  812  231  
      
VI (T5→T6)c T6 54 46 17.5 -14  1.4  810  253  67 33 -34  -2.2  626  261  
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left 10.95×106 m3/a as the input of TWR. Thus, the percentage of evaporation loss of the total wastewater 
is 16.4%. The limit of the water balance calculation is the uncertainty of evaporation from the water 
surface. A pan evaporation experiment with an area of 20 m2 in an experimental site in Hengshui showed 
an annual evaporation of 1206 mm, which is close to the evaporation of this study area. Therefore, the 
uncertainty is assumed to be permitted in this case at first. Accordingly, the quantity of wastewater that 
was recharged into groundwater by the TWR leakage and wastewater irrigation was 9.15 × 106 m3/a, 
which is close to the quantity of 10.00 × 106 m3/a reported in a previous study (Lu and Yang, 1995). 
Comparison of the results of the water balance and the isotopes methods revealed only a 3% difference. 
Taken together, these methods verified that the evaporation loss based on the theory of isotopes 
enrichment provides another method for estimation of the evaporation of water.  
5.4.4. Impact of Fu River and Lake BYD on Groundwater 
5.4.4.1 Evaporation potential of Fu River and Lake BYD 
The evaporation model of the TWR can be applied to interpret the impact of Fu River and Lake BYD 
on groundwater. The relationships of hydrogen and oxygen for samples of group IV, which were 
classified by cluster analysis (Fig.5- 5), were shown in Fig.5- 7. All of the samples are distributed around 
the evaporation line of TWR which also verified that the evaporation line of the TWR can delegate the 
evaporation feature in the BYD region. Influenced by the evaporation effect, the isotopes in surface water 
of dry season (Fig.5- 7 (b)) are larger than those of rainy season. This is particularly obvious for samples 
of Lake BYD. The Lake BYD is a totally artificial lake because the water in the lake is mainly composed 
of water transferred from Wangkuai and Xidayang reservoir and effluent discharge from Fu River. If we 
assumed that the only water resource for domestic water usage was reservoir water, the sewage water 
from Fu River would have the similar isotope components with the reservoir water. The distributions of 
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relationship points of δ2H and δ18O for samples of Fu River and reservoir in rainy season are similar in 
Fig.5- 7 (a), which verified our assumption. However, the isotopes of δ2H and δ18O for samples of Fu 
River are slightly larger than those of reservoir water in dry season (Fig.5- 7 (b)), which suggested that 
groundwater was also pumped for domestic water usage in dry season. If the groundwater usage for 
domestic water supply was ignored, the percentage of evaporation from reservoir water to lake can be 
calculated based on the evaporation model of TWR. This produced an evaporation percentage ranging 
from 6-14% of the total water recharge in the rainy season of 2008 and another evaporation percentage 
ranging from 21-29% of the total recharge in the dry season of 2009.  
5.4.4.2 Impact of Fu River and Lake BYD on groundwater 
The isotopes in groundwater of 2008 and 2009 varied a little which suggests that the groundwater is 
much more stable than surface water. According to the isotopes distribution in Fig.5- 7, the groundwater 
can be divided into three types: (1) Groundwater, located far from the Fu River and Lake BYD such as S2, 
is affected little by surface water, (2) Groundwaters, located in the wastewater irrigation regions such as 
S1 and groundwater located near the Fu River such as S9 and S6, were affected by sewage water from Fu 
River to a great extent because of the distribution of isotopes of these points are in the distribution range 
of isotopes in Fu River. (3) Groundwaters located near the Lake BYD such as S5 and S8 which has the 
largest isotopes of all groundwater samples, are affected largely by the leakage of Lake BYD. S5 is 
located near both Lake BYD and TWR, however, it was not classified into the groundwater group 
influenced by TWR according to cluster analysis. Water table loss from well abstraction in the study area 
has not only limited groundwater discharge into the lake, but has also accelerated lake leakage into the 
underlying aquifer systems (Schlosser et al., 1989).The impact of the Lake BYD on groundwater 
surround it has also been verified in the previous researches using the water chemical and stable isotopes 
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(Yuan et al., 2012). In addition, the water types of S5 and S8 show the Na-HCO3 type which is same with 
that of Lake Baiyangdian but different from that (Na-SO4) of groundwater influenced by the TWR. 
Therefore, it can be concluded that the water quality at S5 is affected much more by the Lake BYD 
instead of the TWR. As a result, it was concluded that there is a groundwater divide between Lake BYD 
and TWR.   
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Fig.5- 7 Relationship of δ2H and δ18O for samples in Fu River, TWR, and Lake BYD. 
5.4.4.3 Two-end members mix model 
The mixture from the different water sources is the dominant effect to change the components of the 
groundwater. Isotopic compositions mix conservatively, that means, the isotopic compositions of mixtures 
are intermediate between the compositions of the endpoints (Kendall and McDonnell 1998). As a 
relatively conservative ion chloride can be used as an indicator for determining the water movement 
under most circumstances (Panno et al. 2006). 
Since the regional groundwater flow direction is NW-SW towards the Lake BYD, the lateral 
groundwater flow from upstream is another recharge source as well as the surface water of the TWR, Fu 
River, and Lake BYD. The isotopes in surface water has a large seasonal variation, however, there is no 
drastic variation in concentration of the water chemical ions. Instead of isotopes compositions, the SO42- 
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and Cl-, mass balance were used for the calculation of the contribution of industrial wastewater and 
sewage wastewater to groundwater recharge in this case by using Eq. (4) and Eq. (5). Firstly, the SO42- 
and Cl- concentrations of upstream SGW (mean 76.1 mg/l and 32.5 mg/l for SO42- and Cl-, respectively) 
and deep GW (mean 58.8 and 36.2 mg/l for SO42- and Cl-, respectively) in the downstream are low which 
can be referred as the background values. It is supposed that the local precipitation is not the dominant 
recharge source because most of the infiltration is lost by evapotranspiration before it reaches the water 
table in the alluvial fan/plain area 40. Consequently, precipitation of SO42- is negligible. Secondly, the 
dominant ions in the TWR or industrial wastewater is SO42- and the groundwater influenced by it also 
shows the high concentration of SO42-, while the dominant ion of the Fu River and Lake BYD is Cl- and 
groundwater influenced by them also shows the high concentration of Cl-. Thirdly, pe-pH diagram for 
several species in the system S–O2–H2O shows the SO42- is stable except sites T1-1 and T3 (Fig.5- 8). 
 
Fig.5- 8 pe-pH diagram for several species in the system N–O2–H2O at 25 ℃ (modified according to Appelo and 
Postma (1994)) for waters of upstream (a) and downstream of Baoding (b) in 2008. 
Combining the wastewater fractions of groundwater recharge with the groups divides by Q-mode 
analyses, the study area influenced by the TWR can be divided into four regions (Table 5- 3): (1) Highly 
Affected Zone with samples of S4, S20, and S14 within group II, where the fraction ranges from 61% to 
76%, are located within 100 m distance from the TWR. Groundwater in this region has a close connection 
with the TWR, therefore, the water quality in this area are influenced by the wastewater directly; (2) 
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Medium Affected Zone with samples of S3, S13, S15, S16, and S19 in one subgroup of group III, where 
the fraction ranges from 29% to 45%, are located in areas with a distance larger than 100 m but near to 
the TWR (e.g. S3 and S19) or in areas where the hydraulic conductance is higher (e.g. S15 and S16). For 
example, S15 and S16 are located in the south of the TWR where the river channel and the alluvial 
sediments of Tang River has a high permeability; (3) Low Affected Zone with samples of S18, S21, and 
S12 in another subgroup of group III, where the fraction ranges from 9% to 30%, are located with a 
distance far from the TWR; (4) Transition Zone with samples of S10 and S11 in group where the TWR 
has little impact on the groundwater quality (5%). The percentage calculated by concentrations could be 
affected by the point source pollution with high input of SO42- pollutant. For example, some pesticide 
bottles were found aside the well S20 which may bring in an extra input of SO42-. Generally, influenced 
by the regional groundwater flow, the mixture fractions of wastewater from the middle part of the TWR 
are the largest, particularly, in the second section of S12←S13←S4←T→S14→S15→S16 (Fig.5- 1).  
The fractions influenced by other surface waters such as Fu River and Lake BYD were listed in 
Table 5-4. Wastewater irrigation region: S9 and S1 are located in wastewater and sewage irrigation 
regions near to T1-1 and F1. There are three sources including the TWR, Fu River and Upstream SGW in 
this region. Cl- and SO42- were combined to calculate the percentage of each recharge source. Results 
show that the TWR and Upstream SGW account for 50.5 ～ 66.3 % and 29.3 ～ 45.3% of the total 
water recharge, respectively. It was also found that the domestic sewage was used as the major irrigation 
water for agriculture by field survey.  
Along Fu River: As for samples influenced by Fu River and upstream, result of S6 show that the Fu 
River and Upstream SGW account for 42.6 and 57.4% of the total water recharge, respectively. 
Around Lake BYD: i.e. S5 is located near BYD and TWR. The lateral recharge from upstream was 
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ignored at this site because of the shallow well depth (25 m). Result show that the Lake BYD is the major 
recharge source with a percentage of 85.6% of the total water recharge. For other samples, i.e., S7 and S8, 
it was assumed that there are other contamination sources near to these sites beside the source of BYD 
and Upstream SGW. This is because that some ions such as Na+ (320.7 mg/l), Cl- (195.2 mg/l), SO42- 
(575.7 mg/l) and NO3- (23.43 mg/l) of S7 were larger than that of Lake BYD with Na+ (109.0 mg/l), Cl- 
(107.6 mg/l), SO42- (142.6 mg/l) and NO3- (0.0 mg/l). S7 was sampled at the side of Baigouyin River 
which is the major inflow of wastewater from North. The water of Baigouyin River might have a much 
important influence on the water quality of shallow groundwater near it. It is the same for S8, Beside 
Lake BYD there was other recharge sources. 
 
Table 5- 3  Calculated fractional contributions of wastewater using averaged concentration of SO42-. 
Influencing range ID SO42-(mg/l) f(%) Distance from the TWR(m) 
Highly Affected Zone S4 1603.3 75.7 37 
S14 1226.577 63.7 93 
S20 1169.32 60.6 307 
Medium Affected Zone S3 889.6901 45.3 40 
S19 594.336 29.0 360 
S13 648.552 32.0 129 
S15 807.527 40.7 1273 
S16 857.28 43.5 2306 
Low Affected Zone S12 237.083 9.4 1786 
S18 602.968 29.5 2358 
S21 429.528 20.0 2575 
Transition Zone S10 147.31 4.5 358 
S11 160.66 5.2  2009 
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Table 5- 4 Calculated fractional contributions of different recharge source using averaged concentration of SO42-, Cl-, 
and δ18O. 
 ID Possible sources Cl- (mg/l) SO42- (mg/l) δ18O (‰) f (%) 
 S5a TWR   -0.4  14.4 
  BYD   -3.9  85.6 
  S5   -3.4    
 S1 TWR 247.3 2101.2  4.2 
 Fu River 134.5 209.4   50.5 
 Upstream 32.5 76.1  45.3 
 S1 170.9 281.5     
 S9 TWR 247.3 2101.2  4.4 
 Fu River 134.5 209.4   66.3 
 Upstream 32.5 76.1  29.3 
 S9 110.1 90.6     
a The average of isotopes in 2008 and 2009 at T6 of TWR and Lake BYD was used to calculate the fraction 
because T6 is located at the east end of the TWR which delegate the accumulated stable isotope composition.  
5.5 Conclusions 
Influenced by the human activities of groundwater over-exploitation, wastewater discharge into 
rivers, the natural surface water and the natural relationship between surface water and groundwater have 
disappeared in the discharge area of the Lake BYD watershed. In historical period, the Lake BYD was 
recharged by the inflowing rivers and groundwater discharge. However, the dry climate and the human 
activities have totally changed the natural cycle in this region. Unlike the natural hydrological processes 
and interaction of surface water and groundwater in mountainous area of Sha River basin, the relationship 
between surface water and groundwater has become a single direction flow system. That means all of the 
surface waters in BYD region has become the major recharge sources to the local shallow groundwater 
were revealed by comparing the characteristics of the typical surface water bodies such as the TWR, Fu 
River and Lake BYD to those of groundwater.  
The R-mode cluster analysis can divide the ranges of regions influenced by the industrial wastewater 
of the TWR, domestic sewage of the Fu River and the artificial lake of BYD. with the mixture fraction of 
wastewater in previous research, the local groundwater could be further divided into areas named “the 
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Highly Affected Zone, the Medium Affected Zone, the Low Affected Zone and the Transition Zone” with 
a percentage of wastewater contribution ranging from 76% to 5%. The isotopic relationship of δ2H and 
δ18O suggested the strong evaporation effect for both surface water and the groundwater. Particularly, the 
isotopes along the TWR showing an increasing trend along the water channel. Using the theory of the 
Rayleigh distillation based on the isotopic components of δ2H and δ18O, a isotope evaporation model was 
developed to depict the evaporation and leakage processes when the wastewater flows along the TWR 
and an average percentage of 19.5% of water in the TWR was lost by evaporation. This means that an 
average percentage of 80.5% (9.39×106m3/a) of wastewater was recharged into groundwater by leakage 
and irrigation infiltration. There are some limits on the accuracy of the estimation of isotopes. Firstly, the 
average annual evaporation was represented by the mean of the dry season and rainy season. Secondly, 
the water samples were taken on the surface of the river channel where the enrichment of the stable 
isotopes might be slightly stronger than water of the channel bed. Although this percentage is slightly 
larger than the calculation of channel water balance (16.5%), it provides an approach to estimate the 
evaporation when the items of water balance are unknown. 
As all of the isotopes in all surface waters are located around the evaporation line of the TWR, the 
evaporation model can delegate the evaporation potential and be applied in all of the surface water and 
groundwater. Lake BYD has a large evaporation potential after the water was transferred from the 
reservoir and water stored in the lake experienced strong evaporation effect in the dry season. Recharged 
by the lake water with enriched isotopes, the groundwater near the lake also has the enriched isotopes. 
Groundwater in regions of wastewater irrigation and in regions near to the Fu River also has the similar 
isotopes to those in Fu River.   
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Part II Hydrochemical Characteristics and Geochemistry Evolution 
Water quality is important for human activities such as drinking, agricultural irrigation, domestic and 
industrial usage. Particularly, groundwater is the major water supply in arid or semi-arid regions. As 
precipitation is the source of most of the water in earth, the input of water quality of precipitation is the 
basis to determine the water quality on earth. When precipitation infiltrates and enters into the aquifer, it 
is involved to the hydrological cycle. Under natural conditions, the water chemistry characteristics are 
controlled by dissolution and by chemical reactions with solids, liquids, and gases with which they have 
come into contact during the various parts of the hydrological cycle (Stumm and Morgan, 1996). 
However, the anthropogenic activities induced much more pollution chemicals into the changing water 
cycle which will change the natural water quality.  
In this part, the general hydrochemical characteristics and the geochemical evolution in the entire 
Lake BYD watershed will be discussed and a closer investigation will be conducted in the Lake BYD 
region where the polluted surface water has threaten the groundwater quality to a great extent under the 
changed conditions of groundwater-surface water interaction.
79 
 
Chapter 6 Hydrochemical Characteristics and Geochemistry 
Evolution in the Lake BYD Watershed 
6.1 Introduction 
A short introduction to the major geochemical processes especially in the semi-arid regions was given 
here.  
Mixing and evaporation, which are involved into the water cycle processes, influence not only the 
water quantity, but also the water chemical characteristics. The water quality will be changed by the 
mixing water of recharge sources which have different water compositions. For example, when 
contaminated waters inter the aquifer, it will change the water quality based on the percentage of the 
contaminated waters. Evaporation-fractional crystallization is another major physical process to control 
the chemical composition of waters. This is particularly true in the arid or semi-arid regions where 
evaporation is much larger than precipitation. In most cases, the precipitation can’t recharge to 
groundwater directly, and the evaporation effect is the major reason to cause the salinization of soil water 
and groundwater (Wang et al., 2011). 
Weathering and dissolution of carbonate, silicate or evaporate mineral release elements of water 
(Appelo and Postma, 1994). Of those, the carbonate reactions are very important in controlling the 
composition of groundwater. Rocks made of carbonates, such as limestone and dolomite, are widely 
distributed in the world and they offer favorable conditions for groundwater pumping because of high 
productivity. The major minerals of carbonate are Ca- and Mg-carbonates which will react with water by 
the following equations:  
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CaCO3+ CO2 +H2O ↔ Ca2+ + 2 HCO3–         (1) 
CaMg(CO3)2+ CO2(g) +H2O ↔Ca2+ + Mg2+ + 4HCO3-          (2) 
The potential for a chemical reaction can be explained by the saturation index (SI) of a mineral, 
which reveals the chemical equilibrium of water with mineral phases. The SI of a mineral is calculated 
by: 
log( / )SI IAP K= ,         (3) 
where K is the equilibrium constant and IAP is the ion activity product. SI = 0 indicates equilibrium 
between the mineral and the solution; SI < 0 reflects subsaturation when dissolution is reached, and SI > 0 
represents supersaturation, suggesting precipitation. The SI can be calculated by using the geochemical 
model of PHREEQC 2.15.0 (Parkhurst and Appelo, 1999). 
Ion exchange controls the variation of the major cation in water to a certain extent in the clay or 
silt-dominated aquifer. Exchange suggests that a replacement of one chemical for another one at the solid 
surface. As the Ca2+ and Na+ are the major ions in water, the cation exchange in salt/fresh water intrusion 
was reported by many researches. For example, the fresh water is dominated by Ca2+ and HCO3- ions, as 
products of dissolution of calcite. However, the Na+ and Cl- are the dominant ions for the salt water. 
When the salt water enters into the Ca2+ dominated aquifer, the cation exchange takes place： 
2Na+ + Ca-X2 = 2Na-X + Ca2+           (4) 
where X indicates the soil exchanger. The reverse process takes place as following equation: 
 Ca2+ + 2Na-X = Ca-X2 + 2Na2+          (5) 
To understanding the variation water chemical characteristics in spatial and temporal scale, the 
possible geochemical processes should be combined together. 
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6.2 Site Descriptions 
 The general features for the topography, geology, hydrology and land use of the total Lake BYD 
watershed has been discussed in Chapter 2. This study was conducted in three typical regions of the Lake 
BYD watershed. One is in the Sha River basin where the topography is mainly composed of the 
mountainous area and hill region and this region delegates the recharge area for groundwater of NCP. The 
detail descriptions have been discussed in Chapter 4. The second area is in the Beiyishui River basin, 
where the Beiyishui River, with a length of 59.2 km, is the main tributary of Juma River and it is seasonal 
in the upper reaches and usually dries up in the lower reaches (Xu, 2004). The Wanglong River is a 
tributary river of Beiyishui River where a reservoir was built in the lower reach. Beiyishui River 
watershed contains the mountainous and hilly areas and the piedmont plain area. The piedmont plain with 
a gradient about 2‰ could be subdivided into the proluvial fan area and alluvial fan/plain area. Therefore, 
this region delegates a transition region from mountainous area to plain area. The third area is the Lake 
BYD region and the description of this region has been described in Chapter 5. The Lake BYD region 
located in the regions between Baoding and Lake BYD which delegates the discharge area of the Lake 
BYD watershed, where the natural water cycle has been totally destroyed by anthropogenic activities. The 
variation of elevation and relief show the changing trends from Sha River basin, to Beiyishui River basin, 
then to Lake BYD region (Fig.6- 1 and Fig.6- 2). As a result, from the viewpoint of water cycle, the 
geochemical processes in Sha River basin, Beiyishui River basin and Lake BYD regions delegates 
regional groundwater flow and the geochemical evolution characteristics along the flow path. 
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Fig.6- 1 Figure showing the variation of elevation from Sha River basin to Beiyishui River basin, then to 
Lake BYD region. 
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Fig.6- 2 Figure showing the variation of relief from Sha River basin to Beiyishui River basin, then to 
Lake BYD region. 
6.3 Field Survey and Sampling 
In the first area, field survey and sampling were carried out in June 2011 (Fig.6- 3). Spring water, 
groundwater and river water were taken to analyze the major water chemicals such as Na+, K+, Ca2+, Mg2+, 
Cl-, SO42-, NO3-, and HCO3-. In the Beiyishui River basin, field survey and sampling were carried out in 
Sept. 2008, June 2009, May 2010, and June 2011. The sampling position is the same from 2008 to 2010, 
while the sampling position in 2011 is focused on the upper reach of the Beiyishui River basin (Fig.6- 4). 
Most of the samples in Beiyishui River are composed of groundwater, there are only several river waters 
were taken because that the Beiyishui River is a seasonal river. As both of Sha River basin and Beiyishui 
River basin are located in the recharge area of the NCP, upstream of the Lake BYD watershed, where the 
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water cycle has not been disturbed by the groundwater over-exploitation, groundwater samples in these 
two regions were label as the upstream shallow groundwater (SGW). In the BYD region, samples are 
composed of the sewage of Fu river water, wastewater of TWR, Lake BYD water, shallow groundwater 
and deep groundwater. The position of samples taken in 2008 and 2009 are the same, while the sampling 
position is different in 2011 (Fig.6- 5). In this region, the natural water cycle has been disturbed by the 
groundwater over-exploitation of Baoding, the shallow groundwater was labeled as downstream SGW. 
 
Fig.6- 3 Positions of water samples in Sha River basin taken in 2011. 
 
Fig.6- 4 Positions of water samples in Beiyishui River basin taken from 2008 to 2011. 
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Fig.6- 5 Positions of water samples in Lake BYD region taken in (a) 2008 and 2009; (b)2011. 
The measurement and analysis methods for major parameters including water table, pH, EC, and T, 
major water chemicals of have been described in Chapter 3. 
6.4 Results  
6.4.1 General Statistic Characteristics for Water Chemicals 
Statistic data for all samples of Lake BYD watershed was shown in Table 5- 5. The value of pH 
belongs to the range of natural water in the world ranging from 6.74 to 9.48 with a mean of 7.96. The 
value of EC is positively correlated with the concentration of ions, which can thus be indirectly calculated 
from EC. Therefore, EC can be regarded as a water salinization index (Liu et al., 2003). And TDS is the 
sum of the total ions, so it can be used to show the total water quality. Both of the EC and TDS have a 
large range from 347 to 3940 us/cm and from 268.86 to 8146.03 mg/L, respectively, which suggests that 
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the water quality might be related to both of the natural processes and contamination. The mean 
temperature is 19 oC and the largest temperature of 33 oC was found in the TWR in summer. Of all ions, 
the Na+ and SO42- have the larger range and variance than other ions because that the water compositions 
of wastewater are mainly composed of Na+ and SO42-. Species with high concentration such as Na+, K+, 
Cl-, NO3– and SO42– seems to be highly related to the human-induced pollution such as chemical 
fertilizers (NH4NO3, (NH4)2SO4, and KCl) and manure (Puckett and Cowdery, 2002; Babiker et al., 
2004; Kaown et al., 2007) . The large ranges for these species suggested that the pollution had led to the 
high concentrations at some sites. Species of Ca2+, Mg2+ and HCO3- seems to be involved with the 
geochemical evolution along the flow path because there is no similar variation trend to other ions.  
Table 5- 5 Statistic data for all samples taken in 2008, 2009, and 2011. 
 
N Minimum Maximum Mean Std. 
Deviation 
Variance 
pH 186 6.74 9.48 7.96 0.46 0.21 
EC(uS/cm) 186 347.0 3940.00 1321.87 1307.39 1709271.57 
T 181 12.20 33.00 18.89 4.71 22.19 
Na+ 208 7.31 1380.54 142.72 234.15 54824.83 
K+ 208 0.00 176.40 6.54 15.75 248.06 
Ca 208 7.37 498.92 76.03 49.41 2441.75 
Mg 208 2.17 328.20 41.13 43.11 1858.83 
Cl- 208 3.64 795.37 86.12 101.70 10343.06 
NO3- 207 0.00 313.02 26.87 38.61 1490.65 
SO42- 208 4.85 4862.42 323.55 663.99 440886.51 
HCO3- 208 36.60 915.00 295.60 136.19 18548.10 
TDS(mg/l) 208 263.86 8146.03 998.42 1085.75 1178850.39 
 To know the seasonal variation of water quality for different water bodies from upstream to 
downstream, the statistic data for rain season and dry season were listed in Table 5- 6. Generally, EC and 
TDS have the similar trends for all water bodies. Due to precipitation dilution, the EC and TDS in the rain 
season for reservoir, Deep GW, Lake BYD water, TWR, Fu River and downstream SGW are lower than 
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those in the dry seasons. The EC and TDS values for upstream samples (spring, rivers, and upstream 
SGW) in the rain season are larger than those in the dry season. This suggests that the water-rock reaction 
might be the dominant processes for waters of the upstream because the abundant precipitation input in 
the rain season accelerates the dissolution of minerals. However, there were no obvious trends as for pH, 
and other water chemical ions taken in dry season and rain season, which suggests that the water quality 
might be influenced by the complex processes including the precipitation dissolution, water-rock reaction, 
and evaporation etc. 
Table 5- 6 Mean for different water bodies for all samples taken in rain season of Sept. 2008 and rain 
season of June of 2009 and 2011. 
  
Type 
pH EC T Na+ K+ Ca2+ Mg2+ CL- NO3- SO42- HCO3- TDS 
 
(uS/m) (℃) (mg/l) 
R
ai
n 
se
as
on
 
Reservoir 8.03  405.5  22.1  11.5  4.0  52.3  16.5  17.8  11.8  84.2  153.7  351.9  
Upstream spring and river 7.89  559.3  21.1  18.5  4.5  64.3  24.5  29.7  31.0  108.2  207.4  488.1  
Upstream SGW 7.82  736.2  15.1  22.6  9.3  77.2  30.1  33.7  47.6  80.6  245.2  546.1  
Deep GW 8.14  517.8  18.2  75.7  1.1  27.0  14.3  30.2  10.1  70.4  234.2  463.0  
BYD 7.90  1044.8  17.9  116.1  9.9  63.6  37.9  121.9  12.0  212.6  274.5  848.5  
Fu river 7.82  1038.5  18.3  112.9  15.3  62.0  23.5  97.1  35.2  202.7  199.5  748.1  
Downstream SGW 7.82  1741.5  14.8  179.1  1.9  54.3  97.8  131.3  41.7  481.5  436.5  1418.7  
TWR 8.15  3526.7  19.8  629.9  29.2  110.2  37.4  302.3  70.1  1496.4  341.6  3017.1  
D
ry
 se
as
on
 
Reservoir 8.38  422.5  27.8  13.8  3.9  63.7  19.1  14.5  13.4  101.1  150.1  379.7  
Upstream river and spring 7.92  511.3  22.1  14.1  4.3  68.0  17.1  13.7  14.1  77.6  174.7  383.2  
Upstream SGW 7.77  650.1  14.9  18.2  4.7  86.6  25.9  27.6  41.0  73.0  269.3  546.3  
Deep GW 8.33  546.1  19.9  83.3  1.5  30.9  14.8  36.5  10.4  60.2  241.1  478.6  
BYD 8.50  1129.0  28.3  141.7  7.5  51.9  44.8  128.0  4.3  173.5  283.0  834.7  
Fu river 7.68  1549.4  26.6  152.2  20.1  93.5  39.2  182.7  64.7  159.6  439.3  1151.3  
Downstream SGW 7.93  2154.4  15.9  276.5  1.9  89.8  93.8  182.7  6.5  608.4  427.6  1687.3  
TWR 7.70  4816.0  27.8  857.5  20.7  177.4  62.1  228.5  37.6  2261.1  354.0  3998.9  
6.4.2 Water Chemical Type in Spatial Distribution 
Based on dominant cations and anions, the characteristics of water chemical distribution in 
Baiyangdian watershed can be plotted in a Piper diagram (Fig.6-6). Percentages of cations and anions 
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from a water analysis are plotted in two separate triangles. The two points of a water sample are 
combined into one point in the central diamond shaped field by lines from the points parallel to the outer 
sides until these intersect in the central field. From the distribution of samples in two separate triangles, it 
can be found that the major cations changed from Ca to Mg or Na and the major anions changed from 
HCO3 to SO4 or Cl from upstream to downstream. Correspondingly, the water type of most water 
samples changed from HCO3-SO4-Ca-Mg to SO4-Cl-HCO3-Na-Ca, SO4-Cl-HCO3-Mg-Na. The water 
type of upstream reservoir, Sha River, and Beiyishui River is HCO3-SO4-Ca-Mg which is same with that 
of upstream shallow groundwater. This also verified the interaction of groundwater-surface water in 
upstream. There is one exception for upstream SGW (US10) which lies in the region of downstream 
SGW (Fig.6-6 (a)). This sample shows a high concentration for each ion with high EC of 2190 uS/cm and 
the water type is NO3-HCO3-SO4-Ca-Na. A factory located near this site discharging wastewater, which 
led to the deterioration of water quality by investigation. From shallow groundwater to deep groundwater, 
the major cations changed from Ca to Na obviously, while the major anions changed a little. The major 
water type is HCO3-Cl –Na or HCO3-SO4-Cl-Na. Since the recharge source of deep groundwater was 
mainly from the mountain frontier area, the variation of water type from upstream SGW to deep GW 
shows the Na+ ion exchange processes. However, there are several exceptions of deep GW such as D13, 
D14 and D15 (Fig.6-6(b)) and D41 (Fig.6-6(c)) which are distributed near upstream SGW. By field survey, 
it has been found that these samples are located near TWR and unreasonable well construction resulted in 
the shallow groundwater flowing downward to deep aquifer. So these samples delegate the mixed water 
of shallow groundwater and deep groundwater. Water samples of Lake BYD, Fu River and TWR have 
high concentration of Cl, SO4 and Na which have become the major ions of the water type. The sequence 
of these ions concentration is: TWR>Fu River>Lake BYD showed the different extent influenced by the 
wastewater discharge of human activities. 
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Fig.6- 6 Piper diagram show the ion percentage distribution for samples in 2008 (a), 2009 (b), and 
2011(c). The thick arrows show the groundwater flow direction in the whole Lake BYD watershed. 
6.5 Discussions 
6.5.1 Major Geochemical Processes 
A Gibbs plot (1970) can show several major geochemical processes including the atmospheric 
D13 
D14 
D15 
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precipitation, rock dominance and the evaporation-crystallization process. Water compositions are 
displayed as a function of the dominance of end-member components Na+ and Cl- at one end and Ca2+ and 
HCO3- at the other in a Gibbs plot. The relative fractions for cations and anions are plotted against the 
total dissolved solid content. Sea water and rain water are two end-members which delegate the salt water 
and fresh water respectively.  
6.5.1.1 Carbonate dissolution and precipitation 
All of the water samples were plotted in the Gibbs plot (Fig.6- 7).It was found that samples of 
upstream including the rivers, springs, shallow groundwater distributed in the left side of the plot showing 
the low ratio (Na+/Na+ + Ca2+) and (Cl-/Cl- + HCO3-) and the medium TDS. An upstream river sample R1 
of Beiyishui River basin shows a high ratio (Cl-/Cl- + HCO3-) which suggests that the river has been 
contaminated. The mineral weathering is the major reason to result in the present distribution of water 
samples exclusive of R1 in this region because the precipitation is the direct recharge source for 
groundwater of mountainous area. When precipitation infiltrated and recharge into the groundwater, the 
water-rock reaction of calcite and dolomite released Ca2+, Mg2+ and HCO3- into water. This has been 
found in the Piper diagram. In Fig.6-6, the arrow (1) shows the carbonate dissolution processes of major 
water chemicals from rain to groundwater.  
The saturation index (SI) can be combined to account for mineral precipitation or dissolution. The SI 
values shows that all of the major carbonate minerals including aragonite, calcite and dolomite have SI 
larger than 0 suggesting these samples are supersaturated for most of water samples, some samples are 
around the SI=0 line suggesting that there is equilibrium between the mineral and the solution, and only 
several samples have SI smaller than 0 suggesting that the mineral dissolution are on processing. Most 
points have a good relationship between SI of carbonate mineral and pH (Fig.6- 8). It could be expected 
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that a great part of HCO3- originated from dissolution of carbonate rocks in the aquifer through the action 
of percolating waters enriched in CO2 after being in contact with the atmosphere (Appelo and Plstma 
1993) as Equs.(1). During this process the pH value has an important effect on the saturation of reaction. 
Different mineral has different dissolution potential. The dissolution potential of calcite is largest so that 
there are only several samples with SI lower than 0 (Fig.6- 8(b)). Aragonite and dolomite has the lower 
dissolution potential than calcite. Therefore, it shows the carbonate evolution processes from dissolution 
to precipitation from upper reach of Sha River basin to lower reach of Beyishui River basin (Fig.6- 8(a) 
and (c)). According to the data of the drill pores the calcite is the major rock existed in the mountain area 
which is why most of SI in Upstream samples is much larger. When the upstream water flows into deep 
aquifer of plain area almost all of the deep GW saturated with carbonate mineral (SI=0 or > 0).  
6.5.1.2 Mixing and evaporation 
All of the samples in the downstream distributed from the Na-depleted medium-salinity region to the 
opposite, Na-rich, high-salinity end-member. The first reason for the distribution of downstream SGW is 
the evaporation which has been discussed in the previous chapter. The second reason is the mixing of 
upstream SGW and the wastewater in Fu River and the TWR. The mixing process from upstream SGW to 
downstream SGW is much clear in a Piper diagram (Fig.6-6), in which the arrow (2) shows the regional 
groundwater flow direction from upstream to downstream and the arrow (4) shows the flow direction 
from surface water, such as TWR, to groundwater. The mixing of these two waters contributed the present 
water compositions of downstream SGW. 
As the surface water and downstream SGW was mainly soured from the recharge area in the 
mountain area, the SI values for all water samples downstream show the suptersaturation with all 
carbonated minerals. Influenced by the low-pH wastewater, the pH values of water samples downstream 
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are also lower than those upstream. 
6.5.1.3 Ion exchange 
As for the deep GW, the distribution of deep GW samples in Fig.6- 7 (a) and (b) is different. The TDS 
of deep GW changed little but the cations and Na+/(Na+ + Ca2+) changed within a large range along the 
flow path from upstream to downstream (Fig.6- 7(a)). Similarly, the TDS of deep GW changed little, but 
the anions and Cl-/(Cl- + HCO3-) changed within a range not as large as cations and Na+/(Na+ + Ca2+) 
(Fig.6- 7(b)). Generally, the increasing Na+ and decreasing Ca2+ suggests the cation ion exchange process 
as written in Eqs. (4), which produces much more Na+ into the water and some part of Ca2+ was adsorbed 
to the soil sediments. The aquifer of the plain area is mainly composed of silt, clay, and sand (See the 
section of chapter 2). It has been reported that the silt and clay has a large adsorption capacity to Na+. 
When the Ca2+-enriched water from the recharge area entered into the Na+-enriched aquifers of plain area, 
the ion exchange took place. The effects of cation exchange are particularly clear when analyses are 
plotted in a Piper diagram, as shown in arrow (3) of Fig.6-6. 
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Fig.6- 7 Gibbs diagram for different water bodies of all samples taken in 2008, 2009, and 2011. (a) 
Relationship of Na+/(Na+ + Ca2+) and TDS, (b) Relationship of Cl-/(Cl- + HCO3-) and TDS 
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Fig.6- 8 Relationship of SI and pH for several carbonate minerals: (a)Aragonite, (b)Calcite , and 
(c)Dolomite. 
6.5.2 Sources of Some Major Ions 
Plots of ion ratios can disclose the sources for some major ions. If the weathering of dolomite mineral 
is the dominant reaction for the source of Ca2+ and Mg2+, the ratio Ca2++Mg2+/HCO3- will be equal to 1, 
ratio Ca2+/HCO3-  will be equal to 1, and ratio Ca2++Mg2+ will be also equal to 1 according to Eqs (2). 
Weathering of calcite will produce more Ca2+ which results in the ratio Ca2+/HCO3- be equal to 1. 
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Weathering of gypsum and sulfate minerals is another reason to produce excessive Ca2+. If the weathering 
of gypsum and sulfate mineral is the reason for the source of Ca2+ and SO42-, there will be a good 
correlation between Ca2+ and SO42- or between Mg2+ and SO42- (Mohsen and Jalali, 2009). The sources of 
chloride in groundwater include the dissolution or the weather dissolution of mineral with chloride, sea 
water and the industrial and domestic waste water or some feces of human or animal. The Na/Cl molar 
ratio should be approximately equal to 1 if halite dissolution and/or evaporation were responsible for the 
majority of sodium, whereas ratios greater than 1 is typically interpreted as reflecting Na+ released from 
silicate weathering ractions (Meybeck, 1987; Jankowski and Acworth, 1997). Besides these natural 
processes, the anthropogenic activities induced the extra input of some ions such as Na+, SO42-, Cl-, and 
NO3-.  
6.5.2.1 Upstream of Lake BYD watershed 
Samples upstream include spring water, river water, and shallow groundwater in Sha River basin and 
Beiyishui River basin. In plot of Ca2++Mg2+/HCO3- and Ca2+/Mg2+ (Fig.6-9(a) and (c)), most of the 
samples are distributed above the 1:1 line suggesting dolomite weathering contributed minor part to the 
Ca2+ concentration. Calcite is the dominant reaction to interoperating the sources of Ca2+ and HCO3-. This 
was also verified by plot of Ca2+/HCO3-, where most of upstream samples are distributed near the 1:1 line 
and small percentage of water samples are distributed in regions between 1:1 and 1:2 lines (Fig.6-9 (b)). 
In addition, all of samples are distributed above the 1:1 line in plot of Ca2+/SO42- (Fig.6-9 (d)), suggesting 
that the weathering of gypsum and sulfate mineral is impossible in this region.  
The SO42- and Na+ concentration for all samples upstream is relatively low comparing to those 
downstream, the sources of them may be sourced from the weathering of gypsum and sulfate minerals. 
The reason is that most of water samples are distributed around the 1:2 line in plot of Na+/SO42-( Fig.6-9 
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(e)). Two samples, which taken in 2008 and 2009 at site US10, have higher concentration of Na+ and 
SO42 than other samples. They are distributed above the 1:2 line, indicating the existence of 
contamination at this site. The distribution of this site in plot Na+/Cl- also disclosed the high input of Na+ 
and Cl- (Fig.6-9(f)). As for other samples, they are distributed around the 1:1 line of Na+/ Cl-, suggesting 
that the weathering of halite mineral also contributed to the Na+ and Cl- concentration in water 
composition.  
 
Fig.6- 9 Plots showing the ion ratios of major ions (a)Ca2++Mg2+/HCO3-, (b) Ca2+/HCO3-, (c) Ca2+/Mg2+, 
(d) Ca2+/SO42-, (e) Na+/SO42-, (f) Na+/Cl -. 
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6.5.2.2 BYD region downstream of the Lake BYD watershed 
BYD region is located in the discharge area of the entire watershed, where water samples include 
shallow groundwater, Lake BYD water, Fu River sewage water, TWR wastewater and deep groundwater. 
Deep groundwater will be discussed in the next section. Other samples are highly affected by the 
sewage/wastewater from anthropogenic activities, which resulted in the ion sources are different from 
those under conditions of natural processes.   
The concentrations of SO42-, Na+, and Cl- in downstream shallow groundwater were influenced by 
human activity to a great extent because that SO42- and Na+ are the dominant ions in TWR and Na+ and 
Cl- are the dominant ions in Fu River. The Sulfate SI of samples of TWR was the largest. The plots of 
Ca2+/SO42-, Na+/SO42-, and Na+/Cl ratios (Fig.6- 9 (d), (e) and (f)) also show that the downstream SGW 
was mixed by the upstream SGW and surface water from Lake BYD, Fu River, and TWR. 
The SI values for samples downstream showed the feature influenced by human activity. Particularly, 
influenced by the TWR, the SI of downstream SGW is the second largest of all samples because that most 
of samples taken in this region were affected by the wastewater directly. The SI of sulfate and halite 
minerals for shallow groundwater increased from mountain area to plain area along the flow path (Fig.6- 
10 and Fig.6- 11). Especially the SI increased obviously in the plain area near to the polluted area. For 
example, along the flow path from D1 to S1 to S4, the mean SI of gypsum increased from -2.39 to -1.33 
to -0.81. Though samples D1 was taken in the deep aquifer, it has been found that the water sourced from 
the fracture water of mountainous area by Yuan et al. (2011). So D1 delegates the water source for 
samples downstream. 
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Fig.6- 10 SI variation with the increasing SO42- concentration. (a) Anhydrite mineral, (b) Gypsum. 
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Fig.6- 11 SI variation with the increasing Cl- concentration for halite mineral. 
6.5.2.3 Deep Groundwater 
As it is known that the deep groundwater was recharged by water from mountainous area upstream. 
Weathering of calcite is also the dominant reaction contributing to the Ca2+ in water composition. 
However, the ion exchange removed some part of Ca2+ from the water resulting in the deviation of 
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samples to lower part in plot of Ca2++Mg2+/HCO3- and Ca2+/HCO3- (Fig.6- 9 (a) and (b). In addition, ion 
exchange effect makes the points in plot of Na+/SO42- and Na+/Cl – (Fig.6- 9(e) and (f)). 
For most samples of deep groundwater, the SI of sulfate and halite mineral are smaller than -2 and -6, 
respectively. This distribution is very different from the shallow groundwater. This also suggested that the 
wastewater has affected the shallow groundwater obviously, however, it haven’t made impact on the most 
samples of the deep groundwater. Several deep groundwater samples, i.e., D13, D14, D15 and D41 has a 
relatively larger SI value of sulfate and halite mineral which also show that the deep groundwater was 
contaminated by shallow groundwater.  
6.6. Conclusions 
In the whole Lake BYD watershed, the water chemical characteristics, possible geochemical 
processes, and the geochemical evolution from upstream to downstream were identified combing the 
water chemical distribution in a Piper diagram, a Gibbs plot, and the different ion-ratios. The SI was 
calculated to account for the mineral precipitation and dissolution.  
The water chemical shows a natural geochemical process in the upstream mountainous area. 
Precipitation is the direct recharge source in this region. The weathering of calcite contributed greatly to 
the Ca2+ and HCO3- concentrations in water composition and the weathering of gypsum or sulfate mineral 
also contributed to the Na+ and SO42- concentrations in water composition. These two major processes 
resulted in the water type of HCO3-SO4-Ca-Mg. However, the water chemicals in downstream, 
particularly in the Lake BYD region, has been greatly affected by wastewater or sewage from cities. The 
water compositions are dominated by SO42-, Na+, and Cl-, which are highly related to the human activities. 
As the downstream SGW were controlled by the regional groundwater flow and recharge from surface 
water, the mixing of upstream SGW and surface water including Lake BYD, Fu River, and TWR are 
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major reason to account for the present water composition which show the different water chemical types 
of SO4-Cl-HCO3-Na-Ca, SO4-Cl-HCO3-Mg-Na. From upstream to deep groundwater, the ion exchange 
reaction contributed the increasing Na+ concentration in deep aquifer along the flow path. As a result, the 
water type of deep groundwater shows the HCO3-Cl –Na type.  
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Chapter 7 Hydrochemical Characteristics and Geochemistry 
Evolution from Tanghe Wastewater Reservoir to Aquifer in 
Lake BYD region 
7.1 Introduction 
As it has been known that the water quality in shallow groundwater of BYD region was influenced by 
the surface water to a great extent. This leads to the geochemical evolution in this region delegating a 
special feature under the highly impact of anthropogenic activities. To understand the geochemical 
evolution processes from contaminated water to groundwater is important to prevent groundwater from 
contaminating in local regions. The aims of this chapter are to identify the hydrochemical characteristics 
of an industrial wastewater reservoir (TWR), and to identify the geochemistry evolution from the TWR to 
groundwater.  
7.2 Results of Samples 
The field survey and major chemical ions for samples in 2009 was used to identify the possible 
geochemical processes from TWR to groundwater influenced by it (Fig.6- 5 (a)). The results were listed 
in Table 7- 1. 
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Table 7- 1 Values of the field observation, major ions and stable isotopes for wastewater of TWR and shallow groundwater influenced by TWR in the study area. 
ID  
Elevation 
(m) 
Well depth 
(m) 
Depth 
(m) 
pH 
T EC 
(uS/cm) 
Na+ K+ Ca2+ Mg2+ Cl- NO3 - SO4 2- HCO3 - Na+/Cl- a Ca2+/Cl- a Mg2+/Cl- a Water type 
(oC) (mg/l)   
T1-1 17 
  
6.92 28.8 6810 1381  17.8  499  43  197  120  4560  286  10.8  2.2  0.3  Na-Mg-SO4-HCO3  
T1-2 8 
  
6.74 26 4220 695  39.4  122  39  192.2  98  1468  361  5.6  0.6  0.3  Na-Mg-SO4-HCO3 
T2 7 
  
6.79 26 3730 659  19.9  166  48  243  69  1854  265  4.2  0.6  0.3  Na-Mg-SO4-HCO3 
T3 6 
  
7.7 26.2 4090 725  22.2  177  52  241  85  1963  287  4.6  0.7  0.3  Na-Mg-SO4-HCO3 
T4 5 
  
7.49 25.6 4660 769  23.5  188  51  266  68  2652  234  4.5  0.6  0.3  Na-Mg-SO4-HCO3 
T5 4.5 
  
8.77 27 4200 812  25.7  148  48  231  38  2271  154  5.4  0.6  0.3  Na-Mg-SO4-HCO3 
T6 4.5 
  
9.24 28.1 4160 810  6.7  117  49  253  17  1915  106  4.9  0.4  0.3  Na-Mg-SO4-HCO3 
S1 11 60 12.1 7.78 16.2 1755 170  1.5  109  61  167  27  215  514     Na-Ca-HCO3-Cl 
S3 3 80 
 
8.37 17.8 2800 251  1.5  64  181  106  77  890  615  3.7 0.5  2.5  Na-Mg-SO4-HCO3 
S4 7 60 7 8.47 15.8 3150 414  0.7  106  184  156  42  1561  523  4.1  0.6  1.7  Na-Mg-SO4-HCO3 
S10 8 60 9.78 8 19.6 1463 311  1.0  28  30  67  5 147  571  7.1  0.4  0.7  Na-Mg-HCO3-Cl 
S11 13 
  
8.7 14.8 1049 101  1.3  62  70  49  5  161  399  3.2  1.1  2.1  Mg-Na-HCO3-Cl 
S12 8 
 
14 7.97 17.5 1918 297  1.6  46  56  239  5.1  237  181  1.9  0.2  0.3  Na-Ca-Cl- 
S13 9 60 
 
7.77 17.3 2210 284  1.4  81  99  164  7.8  649  417  2.7  0.4  0.9  Na-SO4 
S14 6 60 6 7.98 12.9 3340 491  2.9  108  144  183  8.9  1227  516  4.1  0.5  1.2  Na-SO4 
S15 8 120 
 
8.18 16.4 1904 195  2.3  121  107  148  7.0  808  205  2.0  0.7  1.1  Mg-SO4 
S16 11 120 
 
8.26 17.2 2380 289  4.3  158  90  164.6  0.0  857  256  2.7  0.9  0.8  Na-SO4 
S18 8 60 7.9 8.65 15.5 2350 270  1.8  78  91  211  1.2  603  355  2.0  0.3  0.6  Na-SO4 
S19 4 80 9.6 9.14 14.8 1914 310  12.5  97  19  267  2.0  594  37  1.8  0.3  0.1  Na-SO4 
S20 8 50 4.45 7.8 13.3 3660 435  2.8  185  145  344  6.3  1169  520  1.9  0.5  0.6  Na-SO4 
S21 13 90 
 
8.61 15.3 1557 227  2.0  68  35  147  5.0  430 246  2.4  0.4  0.3  Na-SO4 
S22 7 30-40 4.3 8.63 13.9 8490 1366  7.3  214  328  795  6.8  4862  572  2.7  0.2  0.6  Na-SO4 
S23 9 100   8.18 17.2 4030 630  3.5  121  154  444  7.3  1377  370  2.2  0.2  0.5  Na-SO4 
a The samples influenced by the TWR were listed here. The ratio is mole ratio. 
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7.3 Discussions 
7.3.1 Variation of Major Ions in TWR  
Generally, evaporation and dilution lead to an increase and decrease of solute concentration, 
respectively. If the evaporation process is dominant, assuming that no halite mineral is precipitated, the 
Na/Cl ratio would be unchanged (Jankowski and Acworth 1997). Only the concentrations of Na+ and Cl- 
increased along the TWR (Table 7-1). Specifically, the Na/Cl ratio varied around 5 and the SI of halite 
mineral was around -5.5 along the TWR, indicating that the evaporation process is dominant. 
Concentrations of HCO3- and NO3- tended to decrease along the river channel of the TWR. 
Denitrification might be the only effect resulting in the decreasing NO3- concentration because there is no 
dilution along the TWR. According to our unpublished organic matter data (e.g., nonylphenol and 
octylphenol), there is abundant organic material in the TWR. Nitrate reduction via organic matter 
oxidation is an important process in aquifers that is bacterially catalyzed and can be written as: 
5/4CH2O + NO3- → 1/2N2 + 5/4HCO3- + 1/4H+ + 1/2H2O,      (1) 
where, CH2O is used as a simplified representation of organic matter. However, additional processes that 
affect HCO3 include carbonate precipitation induced by increasing H+ and HCO3- during nitrate 
reduction(Table 7-1). In addition, the increasing Ca2+ and Mg2+ concentrations caused by evaporation 
resulted in the calcite and dolomite and solution remaining nearly in equilibrium from T1-2 to T4 as 
indicated by SI values of calcite and dolomite of approximately 0 (-0.5 to 0.46 and -1.1 to 0.03, 
respectively). When water flows to point T5, the SI values become larger than 1.1, suggesting 
supersaturation and precipitation of calcite and dolomite. Precipitation removes some of the Ca2+ and 
Mg2+ from the wastewater, resulting in decreasing Ca2+, Mg2+ and HCO3- concentrations from T5 to T6. A 
calcium core was found in some drilling data of the study area reported by the China Geological Survey, 
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providing evidence of calcite or dolomite precipitation. This process can be described by the following 
reaction:  
2Ca2+ + Mg2+ + 3HCO3- + 3OH- → CaCO3 + CaMg(CO3)2 + 3H2O    (2) 
7.3.2 Geochemical Evolution along Wastewater Movement Paths 
7.3.2.1 Mix model by using PHREEQC 2.15.0 
As discussed above, the mixing of upstream and TWR contributed to the major water compositions 
such as SO42-. PHREEQC 2.15.0 was also used to develop the MIX model to calculate the mixture 
concentrations for samples of the second section in Fig.6- 5(a). The calculated SO42- was found to be 
slightly smaller than the measured values because the “effective concentrations” and complexes were 
considered in the MIX model. The actual Na+ and K+ concentrations are affected by both the 
ion-exchange and weathering of silicate minerals. There is a large difference between the calculated and 
the measured values of Cl- and NO3-. Though the Cl- is considered as the conservative ion which can 
show the mix process nicely (Panno et. al., 2006), it is not applied in this study. Firstly, the complex 
fertilizer (N/P/K/Cl) application in agriculture of the study can disturb the mixing calculation. Secondly, 
the water type of the TWR is Na-SO4 and the concentrations of Na+ and SO42- is about 4 and 10 time 
largher than that of Cl-. Consequently, the error of mixing calculation by Cl- concentration will be 
enlarged. It is expected that fertilizer input and redox reaction greatly affect water chemicals, and that 
calcite dissolution and precipitation changes the water quality. It is also evident that when determining the 
water components, the geochemical reaction with minerals is as important as the mix effect. 
7.3.2.2 Geochemical evolution along wastewater movement paths 
The ion ratios can display the possible reactions when wastewater leakage and recharge to 
groundwater. The plot of Na versus SO4 shows that the points of groundwater (except for S22 and S23) 
are located around the mixing line between the TWR and Upstream SGW, which shows that the 
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groundwater was diluted along the flow path as a whole (Fig.7- 1 (a)). However, there are some samples 
which are distributed above or lower the mixing line. This indicates that there are some other processes 
which affect the variation of the ion concentrations  
1）From TWR to the Highly Affected Zone: 
The Soil and aquifers contain abundant materials which are able to absorb chemicals from water 
(Appelo and Postma, 1994). The aquifers of the study area are dominated by silt clay and clay (Fig.2-11). 
When the Na-enriched wastewater enters into the aquifer, the ion exchange occurs whereby Na is 
adsorbed on clay minerals while Ca and Mg are released to the liquid phase (Appelo and Postma, 1993): 
4Na+ + Ca-X2 + Mg-X2 = 4Na-X + Ca2+ + Mg2+           (3) 
Where, X is the clay mineral. The potential of adsorption and desorption for the soil mineral can be 
proved by the water leached from soils at two profiles near the TWR. The soil profile is featured by the 
high Na concentration and the low Ca (and Mg) concentrations (Fig.7- 2). The plot of Na versus Mg 
(Fig.7- 1 (b)) also provides evidence for the ion exchange reaction from the TWR to groundwater of the 
highly affected zone. Firstly, the Mg2+ concentration increases with the decrease in the Na+ concentration. 
Additionally, the mean Na/Cl ratios decrease from 4.9 to 4.1 in the north side and 3.9 in the south side, 
and the mean Mg/Cl ratios increase from 0.3 to 1.7 in the north side and 1.8 in the south side (Table 7-1). 
Although ion exchange reaction causes Ca2+ to be released to the water, plot of Na versus Ca shows that 
there is no obvious change in Ca2+ concentration (Fig.7- 2 Ion concentration variations in water leached 
from soil profile samples. (a) Soil profile in the North of the TWR. (b) Soil profile in the South of the 
TWR. (c)) and Ca/Cl ratio. This is interpreted by the precipitation of calcite and dolomite. The SI values 
of the major minerals in the shallow aquifer are calculated (Fig.7- 3). It shows that the groundwater is 
close to saturation or is supersaturated, with respect to all carbonate phases (calcite and dolomite) 
suggesting the precipitation of carbonate phases. According to Eq. (13), the Ca/Mg2+ mole ratio of the 
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removed concentration should be 2:1 during the process of calcite and dolomite precipitation. Therefore, 
the Ca2+ concentration remained in the aqueous phase is smaller than the Mg2+ concentration. 
 
Fig.7- 1 Plots of Na/SO4 (a), Na/Mg (b), Na/Ca (c) and HCO3/(Ca+Mg) showing the ion variations caused 
by dilution, ion exchange, carbonate precipitation, and silica weathering. 
 
Fig.7- 2 Ion concentration variations in water leached from soil profile samples. (a) Soil profile in the 
North of the TWR. (b) Soil profile in the South of the TWR. 
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Fig.7- 3 Saturation indices showing carbonate precipitation and evaporate dissolution (a), and silicate 
weathering (b). PS means samples affected by the point source pollution. 
The wastewater contains a number of organic matters. The redox reaction as shown in Eq.(5) is 
considered as the dominant process for the decrease of NO3- concentration and the increase of HCO3- 
concentration. The redox reaction has been proved by our previous research (Wang et al., 2013) base on 
the nitrate isotopes. From the TWR to groundwater, the nitrate isotope (δ15N) increased indicating the 
denitrification. This reaction also caused the increasing HCO3/Cl ratios from the TWR to the groundwater 
of Highly Affeccted Zone (from 0.6 to 1.9 in the north side and to 2.5 in the south side).  
2) Along Groundwater Flow Path in Aquifer: 
Fig.7- 3 (a) is the plot showing that all samples are under-saturated (SI < 0) with respect to minerals 
of anhydrite, gypsum, and halite. The SI variation of these minerals has a decreasing trend along the flow 
path which are in accordance with the variation of the mixing fraction, indicating the small effect of the 
evaporate minerals, and the significant contribution of wastewater to the groundwater. The groundwater is 
close to saturation or is supersaturated, with respect to all carbonate phases. It is reported that calcite, 
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dolomite, and chlorite are found in the lake and depression sediments of the NCP. With an increasing 
distance from the TWR, the carbonate precipitation instead of ion exchange plays a dominant role on the 
variation of major ions. Due to the carbonate precipitation, some percentage of Ca2+, Mg2+ and HCO3- are 
removed from the aqueous phase which causes the concentrations to decrease along the flow path (Fig.7- 
1 (b) and (c)). In Fig.7- 1(d), points of Ca+Mg/ HCO3 ratio are distributed around the 1:1 line which 
suggests the precipitation reaction as Eq. (13). Several exceptions (S11, S15, and S16) deviate from the 
1:1 line in the plot of HCO3 versus (Ca+Mg). These samples might be influenced by the content of 
organic matter in local soil or aquifer.    
The major components of the water samples are plotted on the stability field diagrams of the 
Na2O-SiO2-Al2O3-H2O, K2O- SiO2-Al2O3-H2O and CaO-SiO2-Al2O3-H2O systems (Tardy, 1971; 
Drever, 1988). In these diagrams, most of the points distribute in the kaolinite field and others, around the 
equilibrium line between kaolinite and Ca-montmorillonite or Na-montmorillonite or Illite (Fig.7- 4 (a-c)). 
The minerals of quartz, feldspar, mica and illite widely exist in the research area (data provided by the 
China Bureau of Geology Survey). Therefore, the weathering of the silicate mineral to kaolinite is 
probably responsible for the composition of the water and contribution to the ion variation of ion ratios in 
Fig.5. For example, the weathering of Ca-montmorillonite in groundwater produce Ca2+ and HCO3- 
which is benefit for calcite precipitation.   
2NaAlSi3O8 + 2H2CO3 + 9H2O →Al2Si2O5(OH)4+ 2Na+ + 2HCO3- + 4H4SiO4          (4) 
CaAl2Si2O8 + 2H2CO3 + 9H2O →Al2Si2O5(OH)4 + Ca2+ + 2HCO3- + 4H4SiO4          (5) 
KAlSi3O8 + 2H2CO3 + 9H2O →Al2Si2O5(OH)4  + 2K+ + 2HCO3- + 4H4SiO4       (6) 
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Fig.7- 4 Distribution of groundwater samples in stability field of (a) Ca-Al silicate phase, (b) Na-Al 
silicate phase, and (c) K-Al silicate phase 
7.4 Assessment of Irrigation Water in Regions Influenced by Surface Water 
The surface water and shallow groundwater within the study area are used only for irrigation. 
Excessive sodium and salinity concentrations in irrigation water result in sodium hazard, as well as 
salinity hazard. Sodium ion in water replacing calcium and magnesium ions in soil causes reduced 
permeability (Shaki and Adeloye, 2006).The suitability of irrigation water is estimated by the sodium 
adsorption ratio (SAR), which can be given by: 
2 2
Na
Ca Mg
m
SAR
m m
+
+ +
=
+
                (7)
 
The USDA (United States Department of Agriculture) has also classified the irrigation water on the 
basis of the diagram provided by (Wilcox, 1955) (Fig.7- 5), which is widely implemented to classify the 
quality of groundwater used for irrigation. From Fig.7- 5(a), it can be seen that the wastewater from the 
TWR distributed in the C4-S4, C4-S3 and C4-S2 fields with very high salinity and a medium, high, and 
very high sodium hazards, which are unsuitable for irrigation. Sewage from Fu River and water from 
Lake BYD distributed in the C3-S1 field with high salinity and a low sodium hazards. These water are 
suitable for irrigation but the concern of irrigation using the Fu River water and Lake BYD water should 
be focused on the good drainage because the high evaporation can result in the crisis of high salinity of 
soil. Deep GW is suitable for irrigation. However, shallow groundwater (Downstream SGW) distributed 
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in a wide range which should be divided into different groups according the impact by different surface 
water bodies Fig.7- 5(b). Groundwater polluted by the point sources and the groundwater in the Highly 
Affected Zone of TWR distributed in the C4-S3 and C4-S2 fields with a high salinity hazard and a 
medium and high sodium hazard which are unsuitable for irrigation. Groundwater in the Medium 
Affected Zone, Low Affected Zone of TWR and several sites influenced by TWR and other sources such 
as S5, are in the field of C4-S1 and C3-S2 with a very high-high salinity hazard and a medium-low 
sodium hazard. Irrigation using groundwater from these regions should be assessed in terms of the 
selection of salt-tolerant crops and good drainage especially on clay soils. Samples in groundwater 
influenced by Lake BYD and Fu Rivers are suitable for irrigation but focus should be on the prevention 
of the soil salinity because of the strong evaporation as well as the usage of surface water from Lake BYD 
and Fu River. 
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Fig.7- 5  Suitability of water for irrigation in regions influenced by surface water including Lake BYD, 
Fu River and TWR. (a) all samples in the Lake BYD region; (b) shallow groundwater samples in the Lake 
BYD region. 
 
7.5 Conclusions 
The ion ratios and saturation calculation of major minerals revealed that geochemical processes can 
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change the water quality as well as the mixing effect. From the TWR to the Highly Affected Zone, the ion 
exchange occurs whereby Na is adsorbed on clay minerals while Ca and Mg are released to the 
groundwater. However, the carbonate precipitation removes much more Ca from the groundwater which 
results in the variation of Ca concentration unobvious. Redox reaction led to a dramatic decline of NO3- 
and an increase of HCO3-. When water flows in aquifer, carbonate precipitation become the dominant 
process to change the concentrations of major ions. Silicate weathering processes also had impact on the 
variations of the major ions concentrations. However, it is difficult to quantify the influencing extent of 
different processes because the depth of groundwater is different which cannot show the same flow path. 
The assessment of irrigation water showed that the water from the TWR, and groundwater the High 
Affected Zone of TWR and point source region are unsuitable for irrigation. And the groundwater from 
Medium and Low Affected Zone of TWR can be used for irrigation, but irrigation using groundwater 
from these regions should be assessed in terms of the selection of salt-tolerant crops and good drainage 
especially on clay soils. Irrigation using other groundwater should pay attention on the salinity of the soil 
because the evaporation is strong in this region.  
In summary, the natural evolution of groundwater chemicals has been considerable altered by impact 
of the contaminated river and wastewater irrigation. In addition, sources of industrial pollution (TWR) 
have threatened the groundwater quality to a high extent than do other pollution sources. In the present 
study, it has been found that the nitrate might be not a threat to groundwater quality caused by the redox 
reaction in the whole study area. Groundwater located within a distance of 100 m from the wastewater 
should be paid full attention because there was a direct hydraulic connection between the groundwater 
and the wastewater. 
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Part III Nitrate Contamination in Groundwater 
As the secondary food production region, nitrate contamination in groundwater of NCP has been 
paid increasing concerns. In the agricultural regions, many studies have been reported to investigate the 
impact of agricultural activities on nitrate contamination of groundwater (Wang et al., 2006; Zhao et al., 
2007; Zhang et al., 2010). Particularly, the non-point source from fertilizer application has been widely 
reported. Some studies have been focused on the source and fate of nitrate, water sufficiency and soil 
fertilizer analysis, assessment of the potential risk of nitrate leaching (Li et al., 2008; Lie et al., 2010; 
Shen et al., 2011; Wang et al., 2001). Some studies conducted in the NCP showed that the NO3–N 
concentrations had more than half exceeding the NO3–N concentration limit of 10 mg L-1 (Zhang et al., 
1996). It was also reported that the nitrate contaminations in some local shallow groundwater have an 
increasing trends (Zhu and Chen, 2002). For example, shallow groundwater in the coast area of Laizhou 
Bay has experienced rapid increases in nitrate concentrations from tens of milligrams per litre in the late 
1990s to hundreds of milligrams per litre (up to 350 mg L-1) in 2007 (Currell et al., 2012; Xue et al., 
2000). Nitrate concentration in a recharge area along the western side, in the vicinity of Beijing and 
locally in other parts of the plain is especially higher than other regions (Chen et al., 2005). Nitrate 
concentrations above the natural background have recently also been observed in the deep confined 
aquifer (Currell et al., 2012). Since the wide and serious contamination caused by the nitrate leakage, 
studies related to the nitrate source and fate were mainly concentrated in agricultural and urban regions. 
Studies have reported the mixture effect on nitrate contamination in alluvial fan caused by the wastewater 
irrigation of cities ( Tang, 2004; Tang et al., 2004; Tang et al., 2006; Chen et al., 2006; Zhang et al., 2012b; 
Wang et al., 2013). The obvious denitrification effect caused by the high content of total organic carbon 
was also reported in other wastewater-influenced areas ( Yuan et al., 2012; Zhang et al., 2013). These 
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researchers have identified the different nitrate source and fate in groundwater of the plain area including 
the alluvial fan, cities, coastal area. However, there are some limits in the nitrate contamination of NCP. 
Firstly, there is no research carried out in the mountain/hill area of the west part of the NCP. It has been 
argued that the mountain area and the piedmont plain in the west is the major recharge region of alluvial 
fan and plain area (Chen et al., 2004; Lu et al., 2008; Yuan et al., 2012).To identify the nitrate 
characteristics and its influencing factors in the recharge area is an important supplement to the nitrate 
contamination in groundwater of NCP and it will be helpful for the understanding of the nitrate fate in the 
plain area. Secondly, alluvial fan and plain area is the major reliefs in the NCP. These alluvial fans are 
typical in geological sediments. However, aquifer of an alluvial fan is not uniform because the 
hydrogeological conditions change from the alluvial crest to the alluvial front of the fan. Especially, for 
an alluvial aquifer with lacustrine sediments, the hydrogeological conditions are much more complex and 
the different anthropogenic sources make it difficult to identify the source and fate of NO3- in 
groundwater. The previous research in the alluvial aquifer is still limited in the NCP. To study the nitrate 
characteristics in a lake aquifer system influenced by anthropogenic activities is helpful to understand the 
nitrate characteristics of alluvial aquifers. 
As a result, the nitrate in groundwater of a mountainous area of Beiyishui River basin and nitrate in 
water environment of an alluvial aquifer with lacustrine sediments, Lake BYD region will be discussed in 
this part. 
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Chapter 8 Factors Contributing to the Nitrate 
Contamination in Beiyishui River Basin 
8.1 Introduction  
The distribution of nitrate concentration in groundwater can be correlated with a lot of factors based 
on the nitrogen transformation processes. The regression analysis is a commonly used method to identify 
the contribution of different factors. Land use is the most important factor to control the distribution of 
nitrate concentration in groundwater because the land use determines the types and amounts of chemicals 
introduced at the land surface (McLay et al., 2001). Many previous studies have correlated land use with 
water quality (Cao et al., 2013; Gardner and Vogel, 2005; Kaown et al., 2007; Fenton et al., 2009). Other 
factors found to have significant impacts on nitrate concentrations were well depth (Gardner and Vogel, 
2005), topography (Devito et al., 2000; Vidon and Hill, 2004; Rashid and Voroney, 2005; Kaown et al., 
2007), distance from pollution source (Gardner and Vogel, 2005). In recent years, groundwater dating 
method greatly improved our understanding of anthropogenic impacts on groundwater. Because the 
residence time of groundwater, it is necessary to relate the present nitrate concentration with the land use 
when the groundwater recharge occurs. Estimates of groundwater age have been used in many studies to 
identify the impacts of past and present land use practices on water quality (McGuire et al., 2002; 
MacDonald et al., 2003; Broers, 2004; Moore et al., 2006; Cao et al., 2013)). The combination of 
environmental tracers (e.g. chemical ions, stable isotopes, groundwater dating tracers) can further 
enhance the ability to delineate nitrate sources and transformation processes in groundwater. 
 The aims of this paper are to identify the nitrate characteristics in groundwater of the Beiyishui River 
watershed and to identify the possible factors such as land use, point pollution source and denitrification 
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contributing to the occurrence and transformation of elevated nitrate concentration in shallow 
groundwater of this region. A statistical method, combining geochemical data and groundwater dating 
methods were used to achieve the aims. Concentrations of Chlorofluorocarbons (CFCs) were used to 
determine the groundwater age. 
8.2 Site Description 
8.2.1 General Setting 
The study area is located in the west of the NCP (Fig.8- 1). The description of the topography and 
relief has been discussed in Chapter 6. The area is characterized by a semi-humid monsoon climate with 
cold, dry winters (December–March) and hot, humid summers (June–August) (Yuan et al., 2011). The 
perennial mean precipitation and evaporation at a weather station of Chongling experiment site in the hill 
area are 641 mm and 1905.92 mm, respectively. The perennial mean precipitation in the plains area 
ranges from 500 to 600 mm, 70% of which occurs from June to August (Fig.8- 2 (a)).  
Groundwater in the study area is mainly used for irrigation, which accounts for 70% of the total 
water use. There are two dominant irrigation periods in the NCP, March to June and October to December. 
The irrigation rate increases from the upper reaches (Yixian and Laishui counties) to the lower catchment 
(Dingxing County) (Fig.8- 2 (b)). 
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Fig.8- 1 Position of the Beiyishui River watershed in the NCP. 
 
Fig.8- 2 Figures showing the monthly precipitation (a) and monthly irrigation rate (b) in several counties. 
The boundary of the county is show in Fig.4. 
8.2.2 Hydrogeological Characterization 
In the Beiyishui River watershed, the mountainous and hilly areas belong to the Taihang Mountain 
uplifting area, and the plains area is located in the Jizhong depression. In the mountainous and hilly areas, 
the geology is mainly composed of calcite, granite, dolomite and a little shale. Sandy loam and loess are 
the major soil sediments and are mainly distributed in the first-order/second-order terraces of rivers. The 
permeability is large (0.38 to 0.58 mm/min) owing to the loose soil texture (Min et al., 2012). The 
unconsolidated sediments of Quaternary Q4 constitute the main stratigraphy of the plains area (Zhang, 
2009). The sediments include sand, clay or interbedded sand and clay (He and Zhu, 1992). The 
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groundwater flows from the mountainous and hilly area to the plains area (Fig.8- 3). 
 
Fig.8- 3 Counter map of water table in the plain area in Dec. 2001 (a), June. 2002 (b) and Dec. 2003 (c). 
The black arrow shows the groundwater flow direction. 
8.2.3 Land Use 
Farmlands are mainly found in the plains, accounting for 51.2%, 44.5% and 50.0% of the total area 
in 1980, 1995 and 2000, respectively (Fig.8- 4). In the hill area, farmland is mainly located in the river 
valley. The percentage of woodland increased from 1980 to 1995, then decreased to the 1980 level in 
2000. The variation of grassland area shows an inverse trend relative to that of woodland (Table 8- 1). A 
massive afforestation program including the planting of economical forest (e.g., orchards) was carried out 
in China after 1980, which led to a portion of grassland and farmland being replaced by woodland (Zhao, 
2013). After 1995, changing orchard to farmland and cutting of wood led to the woodland area decreasing 
again. The residential area is mainly located in the plains area and showed a slight increasing trend from 
1980 to 2000. There was almost no large change in land use of farmland in the plains area during this 
period. 
Table 8- 1 Percentage of land use in the Beiyishui River watershed in 1980, 1995 and 2000. 
Land use 1980 
(%) 
1995 
(%) 
2000 
(%) 
Farmland 51.2 44.5 50.0 
Woodland 14.0 27.4 13.9 
Grassland 29.2 19.3 29.3 
Residential areas 5.1 5.5 6.4 
Unused 0.0 3.1 0 
Waters 0.4 0.2 0.4 
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Fig.8- 4 Position of water sampling and land use in 1980 (a) and 1995 (b) of the study area 
8.3 Methods 
8.3.1 Sampling and Analytical Procedures 
A field survey and sampling were carried out four times in September, June, May and September of 
2008, 2009, 2010 and 2011. Samples collected from 2008 to 2010 were obtained from the same position 
(B01–B23) (Fig.8- 4). Of these, B06 was spring water, and B12 and B18 were river water samples. 
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Samples collected in 2011 were mainly located in the hill region (Yellow points in Fig.8- 4). Of these, 
B25 and B28 were river water samples and B26 and B29 were groundwater samples collected along a 
tributary of the Wanglong River.  
The methods for determining the major parameters such as Water table, pH, EC, ORP, etc., and 
major ions have been described in Chapter 3.1. CFCs samples were collected at two spring water sites of 
S3 and S9, and 11 wells exclusive of G2 and G12. The sampling method for chlorofluorocarbons (CFCs) 
is according to (Han et al., 2007) and the analysis have been described in Chapter 3.3.  
8.3.2 Buffer Zone Diameter Determination of Land Use 
A land use circular buffer zone around each piezometer was used to determine the land use area that 
contributes to groundwater quality (Fenton et al., 2009). The radius defining the buffer area used in 
previous studies varies from 200 to 2000 m (Barringer et al., 1990; Kolpin, 1997; Fenton et al., 2009). In 
this case, the geology and hydrogeology conditions vary from the hill area to proluvial fan and alluvial 
fan. The buffer zone is largely affected by aquifer features such as hydraulic conductivity and aquifer 
thickness. The diameter D (m) of the buffer zone in the direction of groundwater flow was approximated 
by: 
/D Q bv=            (1) 
where b is the aquifer thickness; v is the average effective Darcian linear velocity (m day -1), and Q is the 
quantity of water discharge (m3 day -1). Value of v is calculated by: 
1
nsat
dhv K
dx
=          (2) 
Where Ksat is saturated hydraulic conductivity, n is effective porosity. 
Value of Q is determined by (Darcy, 1856): 
sat
dhQ K A
dx
=           (3) 
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where A=bw, w, the width (m).  
The central piezometer in each site was taken as the center of the buffer area. The percentage of land 
use within the entire buffer zone was calculated. It is difficult to calculate the buffer radius in the hill area 
because of the limited data describing the aquifer features; therefore, the positions of the sampling sites 
were considered in this case. In areas in which groundwater flow direction is known the buffer zone was 
extended to a groundwater divide. For example, samples B26 and B27 are located in the hillside defined 
as the area surrounding the piezometer, which encompasses all areas or features that supply groundwater 
recharge to the piezometer up the hydraulic gradient to the groundwater divide (Fig.5). The recharge area 
was defined using the spatial tools of ArcGIS. For samples such as B10 and B13, which are located in the 
Quaternary sediments of the wide river valley, the radius of the buffer area was determined using 
Eqs.(1)-(3). In this calculation, the average hydraulic gradient was 0.0004 according to the field survey of 
the water table. The buffer radius was calculated using Ksat = 300 m - 500 day-1 based on parameters of 
similar aquifer sediments in the plains area (Wang et al., 2008), an effective porosity n=0.30–0.33 (Gao, 
2005) and average aquifer thickness of 20–40 m. The calculated radius ranged from 750 to 1000 m. 
8.4 Results and discussions  
8.4.1 General Characteristics of Water Chemistry  
The means of field survey and water chemicals in samples collected from 2008 to 2011 are listed in 
The groundwater depth ranged from 1.74 to 15.31 m, and generally increased from the hill area to the 
plains area. The pH ranged from 7.0 to 8.5, while the mean temperature ranged from 7.3°C to 24.4oC. 
The EC value had a large range, indicating the existence of pollution at some point. For example, the 
largest EC values of B11 in 2008 and 2010 were 2196 and 978 μS cm-1, respectively, which indicated 
that a nitrate pollution source was nearby. Species with high concentrations such as Na+, K+, Cl-, NO3– 
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and SO42– appeared to be closely related to human-induced sources of nitrate pollution such as chemical 
fertilizers (NH4NO3, (NH4)2SO4, and KCl) and manure (Puckett and Cowdery, 2002; Babiker et al., 2004; 
Kaown et al., 2007). The large ranges for these species suggest that the pollution has led to nitrate 
concentrations of some sites being higher than the natural values as well as the higher EC values. 
Moreover, the concentrations of these species showed an increasing trend from the dry season (May) to 
the rainy season (September), indicating that precipitation will accelerate the leaching of pollutants from 
the surface. Species of Ca2+, Mg2+ and HCO3- appeared to be associated with the geochemical 
evolution along the flow path because they showed no similar variation trends when compared to other 
ions.  
Table 8- 2. The groundwater depth ranged from 1.74 to 15.31 m, and generally increased from the 
hill area to the plains area. The pH ranged from 7.0 to 8.5, while the mean temperature ranged from 7.3°C 
to 24.4oC. The EC value had a large range, indicating the existence of pollution at some point. For 
example, the largest EC values of B11 in 2008 and 2010 were 2196 and 978 μS cm-1, respectively, which 
indicated that a nitrate pollution source was nearby. Species with high concentrations such as Na+, K+, Cl-, 
NO3– and SO42– appeared to be closely related to human-induced sources of nitrate pollution such as 
chemical fertilizers (NH4NO3, (NH4)2SO4, and KCl) and manure (Puckett and Cowdery, 2002; Babiker 
et al., 2004; Kaown et al., 2007). The large ranges for these species suggest that the pollution has led to 
nitrate concentrations of some sites being higher than the natural values as well as the higher EC values. 
Moreover, the concentrations of these species showed an increasing trend from the dry season (May) to 
the rainy season (September), indicating that precipitation will accelerate the leaching of pollutants from 
the surface. Species of Ca2+, Mg2+ and HCO3- appeared to be associated with the geochemical evolution 
along the flow path because they showed no similar variation trends when compared to other ions.  
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Table 8- 2  Statistic data of field survey and major chemical for samples collected from 2008 to 2010. 
Item 
 
Sept.  
2008 
June  
2009 
May  
2010 
Item 
 
Sept.  
2008 
June  
2009 
May 
 2010 
Depth 
(m) 
Max. 15.30  
 
15.31  
Ca2+ 
(mg L-1) 
Max. 174  228  97  
Min. 1.83  
 
1.74  Min. 45  59  32  
Mean 6.98  
 
7.03  Mean 79  87  60  
pH 
Max. 8.4  
 
8.5  
Mg2+ 
(mg L-1) 
Max. 60  62  33  
Min. 7.0  
 
7.7  Min. 10  11  8  
Mean 7.8  
 
8.0  Mean 31  30  23  
EC 
(μS cm-1) 
Max. 2196  
 
978  
Cl- 
(mg L-1) 
Max. 166  201  61  
Min. 394  
 
234  Min. 13  5  3  
Mean 750  
 
619  Mean 35  34  24  
T (oC) 
Max. 24.4  
 
22.4  
NO3- 
(mg L-1) 
Max. 279  313  85  
Min. 13.7  
 
7.3  Min. 6  3  0  
Mean 15.9  
 
13.7  Mean 52  46  25  
Na+ 
(mg L-1) 
Max. 120.2  93.9  34.8  
SO42- 
(mg L-1) 
Max. 268  221  93  
Min. 8.7  9.3  5.2  Min. 5  7  0  
Mean 22.4  19.6  12.4  Mean 91  77  54  
K+ 
(mg L-1) 
Max. 176.4  113.2  6.2  
HCO3- 
(mg L-1) 
Max. 439  494  306  
Min. 0.5  0.4  0.6  Min. 154  150  144  
Mean 9.9  7.1  1.8  Mean 245  279  206  
8.4.2 Nitrate Concentration 
In order to investigate the impact of human activities on nitrate contamination in groundwater of this 
region, the nitrate statistic data in the Sha River are shown in Fig.8- 5 (a). Only one groundwater sample 
has a large NO3-N concentration (27.4 mg/L), showing the point source contamination at that site 
because this site was collected from a farmhouse. Others have NO3-N concentration lower than 11 mg/L, 
suggesting that the nitrate contamination in this region has no threaten to human health. 32% of samples 
have NO3-N concentration lower than 3 mg/L, suggesting the backgrounds values of natural conditions. 
Samples, particularly groundwater, which were collected in farmland, have NO3-N concentration larger 
than 3 mg/L. Collected together, the agricultural activities caused the slightly higher nitrate concentration 
but have not caused the human health problem in this region. As a result, the nitrate characteristic in the 
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Sha River basin delegates a natural background in the Lake BYD watershed which was used to compare 
the nitrate characteristics in the Beiyishui River basin. From Fig.8- 5 (b), it can be seen that, influenced 
by the human activities, NO3-N concentrations for river water, spring water and groundwater of 
Beiyishui River basin are larger than those of Sha River basin. 
The nitrate concentrations and statistical data are shown in Table 8- 3 and Fig.8- 6, respectively. 
Among the collected samples, 23% had nitrate concentrations exceeding the drinking water standard set 
by the WHO (50 mg L-1), while 79% of the samples had nitrate concentrations exceeding the standard for 
the natural environment (13.3 mg L-1). Comparison of the nitrate concentrations for different months 
revealed that the number of samples with values greater than 50 and 13.3 mg L-1 increased from the dry 
season (14 and 55%, May 2010) to the rainy season (30 and 91%, Sept. 2008). The nitrate concentrations 
at sites along the flow paths are shown in Fig.8- 7. In most groundwater samples collected from the hilly 
area there was an increasing trend from the dry season (May) to the rainy season (Sept.), but this was not 
the case for groundwater in the plains area. According to Min et al. (2009), large amounts of precipitation 
can cause rapid infiltration (3.8–5.8 mm min-1) in the hill area. The obvious seasonal variation in the 
nitrate concentration of the hill area indicated that excess fertilizer or manure during the irrigation period 
(Fig.8- 2) might have moved down to the groundwater via heavy rainfall after the rainy season. The 
nitrate in groundwater of the hill region varied greatly from 13 to 226 mg L-1. Taken together, these 
findings indicate that contamination must exist in some sites of the region owing to similar aquifer 
conditions such as groundwater depth (Fig.8- 6). When water flows through the center of Yixian County, 
the average nitrate increases from 22 mg L-1 at B14 to 53 mg L-1 at B15, indicating that there is a point 
source associated with anthropogenic activities in this region. However, the nitrate concentration 
decreased with increasing groundwater depth as well as EC value along the flow path from the hill area to 
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the plains area and from B15 to B23 (Fig.8- 8), indicating that the nitrate concentration in some 
groundwater samples was affected by pollution from the surface.   
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Fig.8- 5 Comparison of nitrate of Beiyishui River basin with that of Sha River basin. (a) Sha River basin. (b) 
Beiyishui River basin. 
 
Table 8- 3 Nitrate and chloride concentration for all samples collected frm 2008 to 2010. 
 ORP ID NO3- (mg L-1) Cl-(mg L-1) 
Position (mV) Sept. 
2008 
June 
 2009 
May 
 2010 
Mean Sept. 
2008 
June 
 2009 
May  
2010 
Mean 
Hill area 299 B01 69  65   67  32  27   30  
Hill area 292 B02 47  42  34  41  16  11  10  15  
Hill area 262 B03 39  32  44  38  19  17  23  20  
Hill area 171 B04 44   28  36  13   9  11  
Hill area 260 B05 148  82  59  96  78  37  26  47  
Hill area 277 B07 38  52  41  44  17  21  16  18  
Hill area 282 B08 52  39  34  42  37  33  32  36  
Hill area 243 B09 20  11  7  13  20  21  17  20  
Hill area 199 B10 27  14  8  17  29  22  19  23  
Hill area 199 B11 279  313  85  226  166  201  35  134  
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Hill area 242 B13 43  36  9  29  39  39  32  37  
Plain area 217 B14 19  25  21  22  27  27  26  27  
Plain area 255 B15 81  42  36  53  29  33  29  30  
Plain area 245 B16 38  32  13  28  42  48  54  48  
Plain area 237 B17 56  74  68  66  52  49  49  50  
Plain area 233 B19 25  21  18  21  37  33  23  31  
Plain area 245 B20 17  23  13  18  20  20  12  18  
Plain area 137 B21 6  20  9  11  13  12  8  11  
Plain area 226 B22 38  10  7  18  22  10  6  13  
Plain area 100 B23 9  3  0  4  16  12  9  13  
Spring 291 B06 52  22  13  29  15  5  3  11  
River 248 B12 24  14  7  15  33  43  24  33  
River 226 B18 17   6  11  41   61  51  
 
Fig.8- 6 Box-Whisker plot of NO3 in the study area. 
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Fig.8- 7 Variation of nitrate contamination in groundwater along the flow path (Fig3). The water table is 
the average value of 2008 and 2010. 
 
Fig.8- 8 Nitrate variation with depth for groundwater samples 
8.4.3 Time and Source of Groundwater Recharge 
The CFCs concentrations and estimated recharge year of groundwater are given in However, B29 
was located outside the region bound by piston flow and binary mixing, suggesting it has been affected by 
other processes (Han et al., 2012). The old, low CFCs water might have been from areas recharged before 
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1950 or 1940, when there was little nitrate pollution by anthropogenic activities. Overall, the results 
showed that young water originated from 1974 to 1990, indicating that the variation of land use from 
1974 to 1990 might affect the nitrate contamination in groundwater.  
CFCs in the hill area also showed that the groundwater originated from precipitation, which is in 
accordance with previous research based on hydrogen and oxygen isotopes (Song et al., 2011; Yuan et al., 
2011). However, it has been argued that it may be difficult to receive direct precipitation recharge in 
alluvial fan/plains areas subjected to intensive anthropogenic activities (Chen et al., 2004; Aji et al., 2008; 
Li et al., 2008; Lu et al., 2008; Yuan et al., 2012). The groundwater of the plains area has also been 
shown to be recharged by fracture water and lateral groundwater from mountainous and hill regions 
(Yuan et al., 2011). Additionally, an average recharge rate of precipitation of 3.8 ± 0.8mm/a has been 
estimated for the plains area of the Beiyishui River watershed using the stable isotopes and chloride in the 
unsaturated profile (Yuan et al., 2012). Consequently, the fate of nitrate in the groundwater of the plains 
area will be discussed without consideration of the land surface conditions and it is necessary to discuss 
the variations in nitrate along the groundwater flow path in the next section. 
Table 8- 4. CFC-11 showed a greater propensity for degradation and/or contamination from sampling 
equipment than CFC-12 (Busenberg et al., 1993). The concentrations of CFC-11 exceeded the limit of 
age estimation, indicating possible contamination of sampling equipment; therefore, CFC-12 and 
CFC-113 were used to interpret the groundwater age of the hill area. Only CFC-12 and CFC-113 of two 
samples (B09 and B06-2) agreed well. It was estimated that the groundwater at B09 and B06-2 was 
recharged by precipitation in 1974 and 1978. The differences between CFC-12 and CFC-113 estimation 
for other samples ranged from 4 to 6 a. The ORP of groundwater samples in the hill area ranged from 243 
to 299 mV, expect for samples B04 and B10, indicating an aerobic environment, which is in accordance 
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with the results of a study conducted by Wang et al. (2013). Because CFC degradation under anoxic 
conditions is unlikely (Plummer and Busenberg, 2005), the binary groundwater mixing approach based 
on the analysis of the multiple CFCs (Plummer et al., 2006) can be applied for interpretation of variations 
of physical and chemical parameters. Fig.8- 9 shows the simplest binary mixing model, which used a 
mixture of two end-members with atmospheric CFC concentrations. One end-member is a given recharge 
date (e.g., young water in 2005, 1990, 1985 and 1982) derived from a piston-flow model study and 
another is water containing low levels of CFCs. The fraction of young water is estimated according to the 
position on the two end-member mixing lines (Plummer et al., 2006). For example, B26 and B08 show a 
location of a 1:1 and 0.68:0.32 mixture of water recharged in 1990 with old, low CFCs water, respectively 
(Table 8-5). However, B29 was located outside the region bound by piston flow and binary mixing, 
suggesting it has been affected by other processes (Han et al., 2012). The old, low CFCs water might 
have been from areas recharged before 1950 or 1940, when there was little nitrate pollution by 
anthropogenic activities. Overall, the results showed that young water originated from 1974 to 1990, 
indicating that the variation of land use from 1974 to 1990 might affect the nitrate contamination in 
groundwater.  
CFCs in the hill area also showed that the groundwater originated from precipitation, which is in 
accordance with previous research based on hydrogen and oxygen isotopes (Song et al., 2011; Yuan et al., 
2011). However, it has been argued that it may be difficult to receive direct precipitation recharge in 
alluvial fan/plains areas subjected to intensive anthropogenic activities (Chen et al., 2004; Aji et al., 2008; 
Li et al., 2008; Lu et al., 2008; Yuan et al., 2012). The groundwater of the plains area has also been 
shown to be recharged by fracture water and lateral groundwater from mountainous and hill regions 
(Yuan et al., 2011). Additionally, an average recharge rate of precipitation of 3.8 ± 0.8mm/a has been 
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estimated for the plains area of the Beiyishui River watershed using the stable isotopes and chloride in the 
unsaturated profile (Yuan et al., 2012). Consequently, the fate of nitrate in the groundwater of the plains 
area will be discussed without consideration of the land surface conditions and it is necessary to discuss 
the variations in nitrate along the groundwater flow path in the next section. 
Table 8- 4 Calculated chlorofluorocarbon recharging year of the groundwater samples collected in 
2011. 
ID 
CFC-11 CFC-12 CFC-113 
pptv Recharge Year pptv 
Recharge 
Year 
pptv 
Recharge 
Year 
B27 1095.0  
 
176.5  1973 15.9  1977 
B26 1251.5  
 
242.3  1977 33.6  1983 
B29 21550.2  
 
970.2  Polluted 20.7  1980 
B09 735.4  
 
188.1  1974 10.5  1975 
B08 1976.3  
 
157.2  1973 20.6  1979 
B06-2 3182.3  
 
262.9  1978 14.7  1977 
B02 9765.8  
 
210.0  1976 18.2  1978 
B02-2 7078.2    196.9  1975 21.5  1979 
 
Table 8- 5. Mixing fraction of young water based on the binary mixing model. 
ID 
Well depth 
(m) 
CFC-12 
(pptv) 
CFC-113 
(pptv) 
Mixing Water 
Mixing fraction of  
young groundwater 
B27 4 176.50 15.91 1982 0.47 
B26 15 242.33 33.62 1990 0.5 
B08 6 157.21 20.61 1990 0.68 
B02-2 8.25 196.87 21.45 1985 0.51 
B02 8 210 18.2 1982 0.37 
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Fig.8- 9. Binary mixing model ideal curves based on CFC-113 and CFC-12 concentrations in 
groundwater. 
8.4.4 Factors Affecting Nitrate Distribution based on Multiple Regression 
Method 
 Multiple regression was conducted using the STATISTIC software to identify factors contributing to 
nitrate contamination in the hill area. The groundwater apparent age was determined by the binary mixing 
model based on CFC-12 and CFC-13, and the results indicated that variations of land use from 1974 to 
1990 might affect nitrate contamination in groundwater. Land use in 1980, 1995, and 2000 revealed that 
variations primarily occurred in woodland and grassland areas (Fig.8- 4). Specifically, planting of trees 
from 1980 to 1995 resulted in replacement of the majority of grassland in the hill area. It was also 
presumed that there were no large variations in land use from 1974 to 1980. Therefore, land use in 1980 
was assumed to reflect the surface conditions at B08 and B26, where the groundwater recharge time 
occurred in 1974 and 1978, respectively. Therefore, a map of land use of 1980 was used to calculate the 
percentage of land use in a buffer area. Within the determined buffer area, it was assumed that the 
percentage of grassland included the information describing changes from grassland to woodland. The 
percentage of farmland, woodland, grassland and residential area, depth of groundwater and distance 
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from the point sources were included within the multiple regression calculation.  
 The results of multiple regression, including the percentage of land use, are shown in Table 8-6. The 
major independent model variables were selected based on their associated p-values, which were 
significant at the 0.05 level (95% confidence). In the hill area, point source pollution also contributed 
greatly to the nitrate concentration in groundwater. For example, B11 (mean nitrate 226 mg L-1) was 
located near a wastewater discharging point, B05 (mean nitrate 96 mg L-1) near a outhouse toilet and B01 
(mean nitrate 67 mg L-1) was near a chicken farm. Grassland was also found to have a significant impact 
on nitrate concentration. As discussed above, the land use from 1974 to 1990 affected nitrate input in this 
region. Additionally, a portion of grassland present in 1980 was transformed into woodland in 1995. In 
the study area, the major planted forests include the Pimus tabulaeformis, Biota orientalis, Robinia 
pseudoacacia and Populus tomentosa (Cui, 2011). Fertilization is the main measure used for cultivation 
of planted forests, especially for agricultural woodlands (Zhao et al., 2012). Indeed, reasonable 
fertilization can improve the quality and quantity of seedlings. Overall, these results indicate that the 
influence of grassland on nitrate concentration was influenced by the landuse change from grassland to 
artificial planting of woods from 1980 to 1990.  
Table 8- 6 Model parameter estimates for the multiple regression model using land use, groundwater depth 
and distance from pollution source at hill area. 
N=15 b* Std.ERR. of b* b Std.ERR. of b t(9) p-value 
Intercept 
 
(21.95) 134.14  (0.16) 0.87  
Pollution source 0.94  0.19  0.40  0.08  5.02  <0.0001  
Grasslanda 0.47  0.24  16.52  8.26  2.00  0.01  
Farmland 0.66  4.00  22.48  136.10  0.17  0.87  
Woodland 0.08  1.15  8.99  137.39  0.07  0.95  
Depth 0.07  0.17  0.17  0.44  0.39  0.71  
a Some part of the grassland had been changed into woodland during the groundwater recharge time. 
In the plains area, nitrate transformation was controlled by the groundwater flow to a great extent. 
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Fig.8- 10 shows the NO3-Cl ratio for all samples in the study area. The fixed NO3/Cl ratio reflects fixed 
contamination sources such as fertilizer and manure (Chen et al., 2004). Most points in the hill area are 
distributed around the 1:1 line, showing high correlations, which also suggests that the nitrate originated 
from fertilizer and manure. Points B09, B10, and B29 are distributed in the lower part of the line as well 
as the river water collected in 2011. The groundwater samples were collected from close to rivers, 
indicating that there is a hydraulic interaction between the groundwater and river at these sites. B11 was 
located above the upper part of the line, implying that it received excessive nitrate input. The points of 
NO3-Cl would be located on the 1:1 line if only a mixture effect existed. The nitrate decreased along the 
flow path of the plains area, indicating a mixture effect of freshwater with low nitrate concentration. Yuan 
et al. (2011) demonstrated groundwater in the plains area was the mixture of fracture water and 
groundwater in the hill area using the stable isotopes. In addition to the mixture effect, samples of the 
plains area are distributed in the lower part of the 1:1 line, indicating the existence of a denitrification 
effect. As pointed out in previous studies, there is little nitrogen input from precipitation owing to the 
recharge rate of precipitation and because fracture water may be recharged by water with low nitrate, the 
contributions of mixture and denitrification were estimated based on the estimated mixture ratios (Yuan et 
al., 2011) for points B17 to B23 in this paper. The mean nitrate in groundwater in the hill area (64 mg L-1) 
was defined as the initial nitrate concentration flowing into the plains area. The nitrate concentration of 
B20 (18 mg L-1) was defined as the mixed fracture water. The calculated nitrate concentration was listed 
in Table 8-7. The difference between the observed and calculated concentration was the decreased nitrate 
concentration caused by the denitrification effect. The results revealed that the mixture with freshwater 
was the major reason for the interpretation of decreasing nitrate with a contribution ranging from 29.2 to 
66.4%. The denitrification increased with distance from the fracture site. For example, the denitrification 
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contributed 53.7% to the decrease of nitrate at B23, where ORP is 100 mV, indicating a reduction 
condition. The δ15N-NO3- in this area is 19.5‰ according to our previous isotope data (Wang et al., 
2013). 
 
Fig.8- 10 Na-Cl ratio for all samples in the study area. 
Table 8- 7 Contributions of mixture and denitrification effect on the decreasing nitrate concentration in the 
plain area. 
ID 
Fraction 
of 
fracture 
watera 
Observed 
concentration 
(mg L-1) 
Calculated value by 
mixture fraction 
Decreased value by 
denitrification 
Concentration Percentage Concentration Percentage 
B17 0.44 65.8 45.0 29.2 
 
 
B19 0.71 21.4 33.6 47.1 12.2 19.2 
B20 1 17.7 21.4 66.4 3.7 0.0 
B21 0.97 11.3 22.7 64.4 11.3 17.8 
B22 0.5 18.2 42.3 33.2 24.3 38.2 
B23 0.6 4.1 38.3 39.8 34.1 53.7 
a The fraction was referenced according to Yuan et al.(2011).  
8.5 Summary and conclusions 
In this study, the nitrate characteristics and the influencing factors in the groundwater recharge area 
of the NCP were discussed based on land use, CFCs and hydrochemical data. The multiple regression 
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method was used to analyze the factors contributing to the nitrate concentration in groundwater. The land 
use during the recharge year determined based on the groundwater age estimated from the CFCs was 
employed to investigate possible factors. 
Overall, 23% of groundwater samples exceeded the NO3-N standard for drinking water (50 mg L-1, 
WHO), while 79% of samples exceeded the natural environment standard (13.3 mg L-1), indicating that 
these samples have been impacted by anthropogenic activities. For groundwater in the hill area, CFCs 
data showed that some groundwater was recharged from 1974 to 1978, while some was recharged by the 
mixture of young and old water. The year of young water recharge ranged from 1982 to 1990. During the 
recharge periods, the farmland, residential areas and water land area showed little variation, while some 
grassland was changed into woodland. Therefore, the land use of 1980 in the buffer area was applied in 
multiple regression analysis and the percentage of grassland was taken to indicate the influence of 
woodland on groundwater from 1982 to 1990. Multiple regression analysis showed that point-source 
pollution was the most significant factor resulting in high nitrate concentration. Additionally, application 
of fertilizer from 1980 to 1990 had a significant impact on nitrate contamination in groundwater of the 
hill area because of the change from grassland to woodland. In the plains area, the local land surface 
conditions did not impact water quality since the groundwater was recharged by the mixture of lateral 
flow and fracture water from the mountainous and hilly area. The nitrate concentration decreased along 
the flow path in the plains area. A mixture effect contributed from 29.2 to 66.4% to the decrease in nitrate 
concentration, while denitrification was responsible for as much as 53.8% of the decrease in nitrate 
concentration. Analysis of nitrate characteristics from the groundwater recharge area (hill) to the plains 
area showed that the groundwater flow system is the controlling factor that can be used to determine the 
recharge source and transformation path of pollutants.  
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Chapter 9 Identification of Nitrate Source and Fate in an 
Alluvial Aquifer by Using Nitrate Isotopes and Major Ions 
9.1 Introduction 
An alluvial fan is an important hydrogeological unit, which is defined as a low cone of gravels, sand 
and finer sediment that resembles an unfolded oriental fan in outline (Patton et al., 1970). Most cities in 
the world are developed at alluvial fans in piedmont or along the river because of the abundant fresh 
water resources. In particular, groundwater of alluvial fan is the major water supply for human activities 
in arid or semi-arid regions. However, NO3- contamination in groundwater of alluvial fan areas across 
semi-arid environment has drawn much attention due to the potential impacts on human health with the 
intensive population growth.  
 Studies have shown that the increase of NO3- concentration in groundwater caused by the agriculture 
activities is the common threaten on groundwater quality (Zhang et al., 1996; Mahvi et al., 2005; 
Mohammad and Kaluarachchi, 2007; Chen et al., 2010). Urbanization accelerates the NO3- contamination 
of groundwater and makes the NO3- concentrations in some urban aquifers similar to or even higher than 
those in their surrounding agricultural areas (Carlson et al., 2011). The transformation process of nitrogen 
from point sources of septic systems (Aravena and Robertson, 1998; Ouyang and Zhang et al., 2012) and 
linear sources of polluted river or disposal networks (Fukada et al., 2003; Wakida and Lerner, 2005) have 
been reported widely. In recent years, researchers have paid much more attention to the non-point 
pollution caused by wastewater irrigation (Fryar et al., 2000; Tang et al., 2004; Kass et al., 2005; Chen et 
al., 2006; Zhang et al., 2012b). To investigate the different origin and fate of NO3- in watershed, 
δ15N-NO3 has been widely used since early 1971’s (Kohl and Shearer, 1971). Generally, the values of 
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δ15N in groundwater from commercial fertilizer, soil organic nitrogen and animal waste sources range 
from -4‰ to ＋2‰, 4‰ to +9‰ and +10‰ to +22‰, respectively (Heaton, 1986). These ranges display 
a discrepancy under different conditions. Xue et al. (2009) summarized the δ15N ranges of different 
origins from chemical fertilizer: -6‰～＋6‰; atmosphere deposition: -13‰～＋13‰, effluents: +4‰～
+19‰ and soil: 0‰～+8‰ referring to the report in recent 20 years. Mixing and denitrification will 
change the isotope value. Previous studies show that the enrichment of δ15N-NO3- by denitrification is as 
large as 58.3‰. For example, the δ15N-NO3- ranges from +6‰ to +58.3‰ in the sand aquifer of lake 
Ontario (Devito et al., 2000) and +5.1‰～+48.8‰ in riparian zone (Mengis et al., 1999). Multi-tracer 
methods including environmental isotopic tracers (δ15N-NO3, δ18O-NO3, δ2H-H2O, 18O-H2O, δ11B, 13C) 
and water chemicals have been used successfully and frequently in many researches to identify the NO3- 
source and fate in groundwater (Mitchell et al., 2003; Widory et al., 2005; Fenech et al., 2012; Lorenzo et 
al., 2012). 
In this paper, the Lake BYD watershed which is located in the west of the NCP was selected as a case 
study area to identify the characteristics of NO3- origin and migration in groundwater across a semi-arid 
environment. This watershed contains an alluvial aquifer system with the sediments of the Lake BYD. 
Groundwater of this watershed is strongly influenced by the urban effluent discharge channels as well as 
applied fertilizers and/or wastewater irrigation in agricultural areas. The multi-tracers of isotopes and 
major ions were adopted to achieve the objectives: (1) to identify and distinguish the feature of NO3- 
sources of agriculture and/or urban effluent discharge; and (2) to interpret the migration characteristics of 
NO3- along the flow path of groundwater or during the recharge process from contaminated river 
channels to groundwater. 
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9.2 Site Description 
Alluvial fans are distributed commonly in the piedmont plain of the NCP. Located in the west part of 
the NCP, the Lake BYD watershed is a typical alluvial fan (Fig.2-8). The site description related to 
topography, relief, geology, hydrologeological conditions, and land use have been discussed in previous 
Chapter 2. 
9.3 Methods 
9.3.1 Sampling and Observation 
Field surveys and sampling were conducted in September 2008, June 2009, June 2011 (Fig.9- 1 and 
Table 9- 1). The samples of surface water include the water from reservoirs in the mountain area (Resv1 
and Resv2), spring water in the upper Beiyishui River (Sp1), water of the Beiyishui River (R1), domestic 
sewage (F1) and sewage from the Fu river (F2～F5), water from the Lake BYD (B1～B4), industrial 
wastewater (T1-1) and wastewater from the TWR (T1-2～T6). Of those, SGW includes samples of the 
upstream and the downstream of Baoding. The upstream SGW samples were collected in the pluvial or 
alluvial fan, flood fan and alluvial and flood plain. The downstream SGW samples were collected in the 
frontier of alluvial fan and the depression area where the local groundwater flow has been disturbed 
greatly by over-pumping and wastewater irrigation. As for the downstream SGW, samples in 2008 located 
near the contaminated river or the sewage disposal site. New sampling points were added at the North and 
South side of the TWR in 2009 in order to investigate the influencing range of the TWR. 
 
Table 9- 1 Samples and land use of field survey. 
IDa 
Elevation 
(m) 
Well 
depth 
(m) 
Land use ID 
Elevation 
(m) 
Well 
depth 
(m) 
Land use 
Sp1 137   Grassland US7 86.5  Factory 
Resv1 152 
 
Grassland US8 84 
 
Farmhouse 
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Resv2 216 
 
Grassland US9 75.5 6 Farmland 
R1 85.5 
  
US10 89 4.5 Farmhouse 
F1 5 
  
US11 63.5 7.5 Factory 
F2 3 
  
US12 53 10.7 Farmland 
F3 5 
  
US13 50 12.5 Farmhouse 
F4 5 
  
US14 40 17.5 Factory 
F5 2 
  
US15 36 18 Farmhouse 
T1-1 17 
  
US16 35 24 Farmhouse 
T1-2 8 
  
US17 32 21.5 Farmhouse 
T2 7 
  
US18 23 38 Farmhouse 
T3 6 
  
US19 21 18 Farmhouse 
T4 3 
  
US20 16 38 Farmhouse 
T5 4.5 
  
US21 62 50 School 
T6 6 
  
US22 57 70 Farmland 
B1 3 
  
US23 17 40 Farmhouse 
B2 1 
  
US24 30 50 Farmland 
B3 2 
  
US25 112 
 
Farmland 
B4 3 
  
US26 155 
 
Farmland 
D1 26 120 
 
US27 109 
  D2 12.5 300 
 
S1 11 60 Chicken field 
D3 9 170 
 
S2 8 36 Farmhouse 
D4 9 150 
 
S3 3 80 Factory 
D5 7 200 
 
S4 7 60 Farmhouse 
D6 9 100 
 
S5 6 25 Farmhouse 
D7 9 200 
 
S6 9 50 Farmhouse 
D8 3.5 300 
 
S7 3 80 Farmhouse 
D9 375 
  
S8 8 50 Farmland 
D10 12 300 
 
S9 18 60 Farmland 
D11 8 250 
 
S10 8 60 Farmland 
D12 12 
  
S11 13 
 
Farmland 
D13 7 200-300 
 
S12 8 
 
Factory 
D14 7 <200 
 
S13 9 60 Farmland 
D15 13 200 
 
S14 6 60 Farmland 
D16 9 
  
S15 8 120 Farmland 
D17 11 320 
 
S16 11 120 Farmland 
D18 18 200 
 
S17 9 70 Farmland 
D19 
   
S18 8 60 Farmland 
US1 127 6 Farmhouse S19 4 80 Farmhouse 
US2 113 11.6 Farmland S20 8 50 Farmland 
US3 99.5 6 Farmland S21 13 90 Farmland 
US4 102 43 Farmland S22 7 40 Farmland 
US5 108 9 Woodland S23 9 100 Farmland 
US6 92 6 Farmhouse 
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a Sp-Spring water, Resv-Reservoir, R-River water, F-Fu river water, T-Tanghe wastewater reservoir, B-Baiyangdian lake water, 
D-Deep groundwater, US-Upstream shallow groundwater, S-Downstream shallow groundwater.  
 
Fig.9- 1 Map of land use and sampling sites (The land use sources: GIS data of 2000 provided 
by http://www.geodata.cn). 
 
The methods for determining the major parameters such as Water table, pH, EC, ORP, etc., and 
major ions have been described in Chapter 3.1.  
9.4 Results 
9.4.1 Distribution of NO3- in the Alluvial Fan 
The statistics of NO3- concentrations of surface water and groundwater in 2008, 2009 and 2011 were 
shown in Fig.9- 2(a) and (b).  
The means of NO3- concentration of different water types in two years decrease in the following 
sequence: Fu River (56.8 mg/L), TWR (46.1 mg/L), Sp1 (52.3, 22.3 and 25 mg/L in 2008, 2009 and 2010, 
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respectively), R1 (18.34 mg/L), Reservoir water (12.6 mg/L) and Lake BYD (11.8 mg/L). The nitrate 
changes with a small range for the river water and reservoir water upstream. Spring water might be 
affected by the groundwater because the nitrate concentrations are similar. Comparing to the water 
samples, nitrate in surface water downstream including TWR and Fu River vary greatly in the three years, 
which might be caused by the irregular discharge of effluent at different seasons. Nitrate in Lake BYD 
water is stable because it accepts the water recharge from the upstream. The characteristics and fate of 
nitrate in the TWR and Fu River will be discussed in next section. 
The NO3- concentrations of groundwater (Fig.9- 2 (b)) are relatively stable except for some points 
such as S3 and S4, where surface water and groundwater interacts closely. Comparing to samples of 
upstream, the NO3- concentration in the downstream SGW is about 1/4 of that in the upstream SGW. In 
the Lake BYD region, the NO3- concentrations in groundwater larger than 20 mg/L distribute close to the 
site T1 and F1 (S1 and S9), along the TWR (S3, S4), along the Fu River (S44, S45 and S6) and in three 
inflow entrances to the Lake BYD (S6, S7 and S8). Of these sites, the largest values of 76.5 and 76 mg/L 
were detected at site S3 and S4 in 2008, respectively. The NO3- concentrations are smaller than 20 mg/L 
in shallow groundwater with a distance of 40 m far away from the TWR. 
Most of the Deep groundwater samples were collected in the downstream of the Lake BYD 
watershed. The spatial and temporal distributions of NO3- concentration are stable with an average value 
of 10.3 mg/L (2.3 mg/L NO3—N). The NO3—N concentrations in groundwater of D19, D2, D41 and D5 
are larger than 3 mg/L, which might be an indicative of human activities. Other samples with NO3—N 
lower than 3 mg/L indicating that there is no impact of human activities on most of the deep groundwater. 
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Fig.9- 2 Box-Whisker plot of NO3- in surface water (a), NO3- in groundwater (b) 
9.4.2 Characteristics of δ15N-NO3- 
The statistics of δ15N-NO3- in surface water and groundwater were illustrated in Fig.9- 2(c) and (d). 
The δ15N values of the samples collected in the hill region of Beiyishui River basin are lower than 10‰. 
The δ15N values of surface water distribute in a larger range than that of groundwater. Of them, the δ15N 
value of river water (R1) is the largest with 18.0‰ in 2008 which indicates the source of sewage 
contamination. Nitrate at site Resv1 indicates an animal waste source because of the high δ15N value 
whereas the low δ15N value at Resv2 reveals a source of natural soil (Fig.9- 4 (a)). Fu River accepts the 
sewage discharge and then flows into the Lake BYD. The δ15N values of the Fu River range from -3.7‰ 
to 15.0‰ and the δ15N values of Lake BYD range from -3.8‰ to 11.7‰. The wide ranges of δ15N suggest 
the common and wide sources of nitrogen (Fig.9- 4 (b)). The average δ15N values of the Fu River (11.0‰) 
and site B4 (11.7‰) are in the distribution range of sewage (Heaton, 1986). It suggested that the Fu River 
and Lake BYD were influenced by the domestic sewage during the sampling period of 2008. However, 
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their δ15N values of 2009 are lower with the average values of -2.2‰ and -1.1‰ for the Fu River and 
Lake BYD, respectively. Results show that the δ15N values of the TWR in the range from -4.3 to 3.6‰ 
with an average of 1.0‰ suggesting the feature of industrial wastewater. It indicated that industrial 
wastewater was poured into the Fu River during the sampling period of 2009, though it was forbidden to 
discharge the industrial wastewater into the Lake BYD by the local government.  
The δ15N values of the upstream SGW vary from 5‰ to 20‰ with the mean of 10.2‰ which lies in 
the isotope range between soil and effluents (Heaton, 1986). The δ15N values of the groundwater in the 
hill region (US1, US2 and US25) are within the range of soil (4‰～+9‰) while some samples in the 
plain area increase to 20‰ (Fig.9- 4(c)). The δ15N values of the downstream SGW in two years vary 
within -1.8～48.5‰ with a average of 3.9‰ suggesting the multi-sources of NO3-. Comparing the 
frequency distribution of surface water to that of groundwater (Fig.9- 4 (b) and (d)), it is revealed that the 
industrial wastewater and domestic sewage are the major sources of NO3- in the downstream SGW. 
Additionally, the high values of nitrogen isotope suggest the occurrence of denitrification in this region.  
As for the deep GW, the variation range of nitrogen isotope is +5.79‰ ~＋64.0‰ except two 
extreme values of D10 and D16 with depth larger than 300 m and isotopes of δ15N of 86.5‰ and 111.5‰, 
respectively.  
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Fig.9- 3 Box-Whisker plot of δ15N in surface water (c) and δ15N groundwater (d). 
 
 
Fig.9- 4 δ15N frequency distribution of surface water and groundwater in the Upstream ((a) and (c)) and 
Downstream ((b) and (d)) of Baoding in 2008 and 2009. 
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9.5 Discussion 
9.5.1 Redox Environment in Aquifers  
The nitrogen cycle in nature is closely related to its redox environment. Nitrification and 
denitrification are two major processes in the redox environment of nitrogen. Furthermore many redox 
reactions are also strongly influenced by pH. In order to retain an overview in such complicated systems, 
redox diagrams are commonly used to express the stability of both dissolved species and minerals as a 
function of pe (or ORP) and pH (Appelo and Postma, 2005). According to the diagram, the possible stable 
reactant in the redox environment can be seen at a glance. The redox environment changes greatly for the 
surface water which is influenced by the effluence discharge at different time. In this paper, only the 
samples of 2008 were used to explain the redox environment since the ORP value was not investigated in 
2009.  
 Almost all of the water samples distribute in the N2 area of the pe-pH diagram which suggests that 
the nitrate is unstable in the natural environment. Most of the upstream SGW samples distribute in the 
upper of the diagram while the downstream SGW samples are found in a wild range (Fig. 8). The 
distribution of the upstream SGW shows a reduction direction with nitrogen changing from NO3- to N2 
along the groundwater flow path from hill to plain area.  
The distribution of samples in the downstream of Baoding suggests the strong instability for NO3- in 
the pe-pH diagram. Samples of TWR are distributed in the lower part of the diagram, showing the strong 
reduction conditions. While it can be the reduction condition of Fu River is weaker than that of TWR 
according to the distribution of Fu River samples in the upper part of the diagram. An oxidation trend 
with nitrogen changing from NH4+ to N2 exists in the flow direction from the TWR to the groundwater 
near it (from T3 to S3, S4). It shows a reduction condition with nitrogen changing from NO3- to N2 in 
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Fig.9- 5 pe-pH diagram for several species in the system N–O2–H2O at 25 ℃ (modified according to 
C.A.J. Appelo and D. Postma 37) for waters of upstream (a) and downstream of Baoding (b) in 2008 and 
2011. 
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9.5.2 Comparison of Nitrate Fate along the TWR and Fu River 
9.5.2.1 Nitrate fate along the TWR 
Fig.9- 9 shows the variation of major water chemicals along the TWR. The concentrations of all ions 
exclusive of NO3- collected in 2011 are larger than those in 2008 and 2009. This is because that the 
inflowing of wastewater was forbidden after 2010 and the water remaining in the TWR experienced 
strong evaporation since then. Since the east end of the TWR was stopped by a sluice gate, the 
concentration of Cl- and Na+ has the increasing trends along the TWR. However, the nitrate contamination 
for samples of 2009 decreased along the TWR. It has been discussed in Chapter 5 that the reduction of 
nitrate by organic matter was the major reason of the decreasing concentration.  
From T1-1 to T1-2, the wastewater was transferred with underground pipe which is under the 
reduction environment. The δ15N values ranged from -2.2‰ to 2.72‰ from T1-1 to T6 exclusive of F1-2 
with a value of 3.6‰ in 2009, and they ranged from -4.3‰ to 3.9‰ from T1-1 to T2 in 2008. The 
increasingδ15N values indicate that the denitrification effect existed along the flow of the TWR channel 
which has been discussed in Chapter 5 and the detail will not be discussed here.  
0 
500 
1000 
1500 
T1
-
2 T2 T3 T4 T5 T6
Na
Co
nc
en
tr
at
io
n
(m
g/
L)
0 
10 
20 
30 
40 
50 
T1
- 2 T2 T3 T4 T5 T6
K
0 
50 
100 
150 
200 
250 
T1
-
2 T2 T3 T4 T5 T6
Ca
25 
30 
35 
40 
45 
50 
55 
T1
-2 T2 T3 T4 T5 T6
Mg
0 
100 
200 
300 
400 
T1
-2 T2 T3 T4 T5 T6
Cl
0
20
40
60
80
100
120
T1
-2 T2 T3 T4 T5 T6
NO3
0
1000
2000
3000
4000
T1
-2 T2 T3 T4 T5 T6
SO4
0
200
400
600
800
T1
-2 T2 T3 T4 T5 T6
HCO3
 
2008
2009
2011  
Fig.9- 6 Variation of major in samples taken in 2008, 2009 and 2011. 
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9.5.2.2 Nitrate fate along the Fu River 
More than 105 m3 of sewage and treated effluents with high nutrients flow into the lake every day, 
and accounts for 45.24% of the flow of Fu River (Böhlke and Horan, 2000). These effluents contained 
relatively high concentrations of Na+ and Cl- according to the domestic usage and the 
technologies applied in wastewater treatment procedures (Panno et al., 2006). F1 is located in the 
intensive sewage discharge channel, the nitrate concentration is the highest and the following section will 
be focused on the water chemical and nitrate variation along the Fu River exclusive of F1. Major ions (Na, 
Cl, K, Ca, Mg, HCO3) for samples taken in May 2009 and June 2011 has a decreasing trend along the Fu 
River and that for samples taken in Sep. 2008 has an increasing trend. Fig.9- 7 shows the Na/Cl plot and 
NO3/Cl of all samples. For samples taken in dry season, the Na/Cl ratio decreased along the Fu River, 
suggesting the dilution effect. However, the Cl/NO3 ratio almost remains the same value suggesting that 
other reactions are responsible for the nitrate variation along the flow. The NH4 concentration in samples 
taken in 2011 shows a decreasing tread ranged from 13.06 to 6.87 mg/L from F7 to F4 (Fig.9- 8). A 
previous research has reported that the DO values along the Fu River ranged from 1.46 and 1.73 mg/l to 
about 5.8 and 6.5 in 2009 and 2010, respectively (Böhlke and Horan, 2000). The increasing DO values 
led to the nitrification of NH4 and the produced NO3 concentration adding to water compensated the 
decreasing quantity of NO3 caused by dilution.  
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Fig.9- 7 Plot showing Na/Cl ratio (a) and NO3/Cl ratio (b). 
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Fig.9- 8 Variation of NH4 and NO3 concentration along Fu River for samples taken in 2011. 
The δ15N values ranged from 10.0‰ to 15.0‰ from F1 to F4 exclusive of F5 with a value of 5.8‰ in 
2008, and they ranged from -2.0‰ to 4.0‰ from F1 to F5 in 2009. The large difference between the two 
sampling period suggested that the wastewater source was different. Generally, the ranges of δ15N sourced 
from fertilizer is -4‰～＋2‰, soil 4‰～+9‰ and animal waste +10‰～+22‰ (Heaton et al., 1983). 
According to this classification, the domestic sewage and the industrial wastewater were the major nitrate 
sources in 2008 and 2009, respectively. F5, which is located at the entrance of Lake BYD, has a low δ15N 
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value in 2008, suggesting a extra discharge of sewage. That is why most of the major water chemicals 
increased at F5 (Fig.9- 9)  
 
Fig.9- 9 Variation of major water chemicals in samples taken in 2008, 2009 and 2011. 
Comparing the nitrate variation of Fu River to the TWR, they show the distinct feature which also affects 
the nitrate fate from the surface water to groundwater. 
9.5.3 NO3- Transformation in Aquifers Affected by Wastewater 
Though water samples in the downstream of Baoding are mainly distributed in farmland, the 
pollution sources include non-agriculture ones including the point source (centralized effluents discharge 
area), linear source (TWR and Fu River) and non-point source (wastewater irrigation).  
The contaminated river has been the important linear source of groundwater. In the areas within a 
distance of 2.5 km from the TWR, the SO42- concentrations in groundwater were high owing to the 
impact of the wastewater (Fig.9- 10(a)). In vertical scale, the impact depth reaches to 200 m with SO42- 
concentration larger than 100 mg/L (Fig.9- 10 (b)). Though the δ18O-δ2H relationship doesn’t show the 
interaction of the TWR and the Deep GW, the distribution of SO42- concentration in groundwater also 
verified that the TWR has affected the quality of its underlining deep groundwater. For example, the 
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pumping of deep groundwater might lead to the mixture of shallow and deep groundwater at site D5.  
 
Fig.9- 10 Distribution of SO42- contamination plume influenced by TWR in horizontal (a) and vertical 
directionalong the A-A’ cross section (b). T1 and F1 are in a distance of 1.6 km from the starting point of 
A. TWR lies in a distance of 3.3 km from the starting point of A. 
The nitrate pollution is different from concentration of SO42- because of the nitrate’s unstability in 
the envrionment. The redox environment for nitrate in the polluted rivers changes dramatically due to the 
irregular wastewater input and the temperature variation as discussed above. Along the groundwater flow 
path from surface water to the aquifer near it, the NO3- transformation mechanism can be explained by 
nitrate isotope and the major ions. It has been demonstrated that the NO3- concentrations in groundwater 
of the Highly Affected Zone of TWR such as (S3, S4), several entrance site of Lake BYD such as S6, S7 
and S8, and near the Fu River such as S6, S44 and S45, are larger than TWR 20 mg/L (mean 44 mg/L). 
Groundwater in these sites has a direct connection with surface water as discussed in Chapter 5. While 
other samples have a lower nitrate concentration or even the nitrate was undetectable in many samples. In 
the Highly Affected Zone by the TWR which are located within a distance less than 40 m away from the 
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TWR (S3 and S4), 61~76% of the groundwater was sourced from TWR. During the infiltration process, 
the δ15N value varied between -0.01‰ and＋3.96‰ suggesting the industrial wastewater source. With the 
increasing distance from the TWR, the nitrate concentration decreases to a low value. However, the 
enriched δ15N in groundwater indicates that the denitrification may occur in the process of irrigation water 
leakage and along the flow path of groundwater. The unsaturated zone and the aquifer is composed of clay, 
silt and sands which produce the oxygen-free and reduction conditions for the denitrification. According 
to the organic matter (our unpublished data) analyses, there were abundant organic pollutants in the 
effluents which can serve as available electron sources. The contribution of organic matter to 
denitrification was also testified by another research of the wastewater-irrigated area where denitrification 
only occurred in the soil layer with high content of total organic carbon (TOC) (Zhang et al., 2013). In the 
present study, though the there is no obvious variation in Cl- concentration in depth, the TOC at the 
surface soil decreases with the decreasing NO3- concentration in depth (Fig.9- 10), which suggests the 
denitrification takes places when wastewater infiltrates surface and flows downward. In the watershed 
scale, the abundant TOC contents downstream also indicate that the denitrification effect downstream is 
much more obvious than that upstream (Table 9- 2). The oxidization of organic matter (CH2O) by nitrate 
would lead to the decrease of NO3- and increase of HCO3- in groundwater. At this case, the concentration 
of HCO3- increased from the mean of 266.5 mg/L for the wastewater to the mean of 395.8 mg/L for the 
groundwater. This reactive can be explained as follows: 
5/4CH2O+NO3-=1/2N2+5/4HCO3-+1/4H++1/2H2O. 
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Fig.9- 11 Variation of TOC, Cl- and NO3- in depth. (a)North side of the TWR; (b)South side of the TWR. 
 
Table 9- 2 TOC of river sediments and surface soil in several points of Lake BYD watershed. 
ID Type 
TOC (%) 
River Sediments Surface soil 
F1 Fuhe wastewater 4.94 4.95  
F2 Fuhe wastewater 13.91  6.26  
F5 Fuhe wastewater 5.28  
 
T1-1 Tanghe wastewater 26.33  7.17  
T1-2 Tanghe wastewater 23.34  
 
T3 Tanghe wastewater 6.57  3.72  
T6 Tanghe wastewater 2.11  
 
B2 Lake BYD 15.60  4.21  
B3 Lake BYD 
 
5.84  
S1 Shallow GW 
 
4.33  
S2 Shallow GW 3.92  2.26  
S7 Shallow GW 
 
5.01  
US1 Upstream SGW 
 
4.65  
US2 Upstream SGW 
 
4.78  
US20 Upstream SGW 3.12  
 
US23 Upstream SGW 
 
2.84  
R2 Upstream river 4.11  3.70  
R3 Upstream river 4.64  3.25  
D10 Upstream river   3.41  
Based on the equation of the correlation between the NO3- concentration and δ15N: δt ＝δ0＋
εln(Ct/C0) (Mariotti et al., 1981), the nitrogen isotope enrichment factors of denitrification can be estimated. 
155 
 
The initial NO3- concentration was supposed to be 76.5 mg/L which delegates the wastewater of the TWR 
which is similar to the NO3- concentrations of S3 and S4. The calculated enrichment factors are between 
-20‰ and -4‰ slightly higher than the reported range of -40‰ to -5‰ (Hübner, 1986; Smith et al., 1991; 
Sebilo et al., 2003). Domestic wastewater was applied in the region of upconing groundwater. There, the 
δ15N values in groundwater of site S1 and S9 ranges from 15.6‰ to 18.0‰, which are higher than that of 
the domestic wastewater. It is revealed that the denitrification effect led to the increase of the δ15N and the 
decrease of the nitrate concentration.  
9.6 Conclusions 
As a case study of the Lake BYD watershed, the NO3- sources of groundwater, particularly the 
transformation feature of NO3- in the shallow groundwater of the Lake BYD region were studied when 
comparing the source and fate of nitrate in the upstream of the watershed. The stable isotopes of δ15N- 
NO3- and major water chemical ions were combined to achieve our aims. 
The δ15N in water downstream of Baoding is different from that of upstream, where fertilizer and 
manure leakage was identified as the major source. In the downstream of Baoding, the urban industrial 
wastewater and domestic sewage are the major NO3- sources for the river and shallow groundwater. The 
NO3- fate in the downstream is much more complex than that in the upstream. In places with a distance 
far than 40m off the northern and southern banks of the TWR, the low NO3- concentration is always 
accompanied by a high δ15N isotope value. It demonstrates that the denitrification occurred during the 
flow process from the surface water to groundwater because of the high organic matter content. The 
sewage irrigation results in the nitrate pollution in a large area. It has proved that the regions from the 
frontier of the alluvial fan to the depression can provide suitable conditions for the degradation of NO3- 
pollution. The point pollutions from the farmhouse and the irregular factories in the downstream have a 
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significant impact on the estimation of the effluent recharge ratio because the uncertain input source.  
Results in other alluvial aquifers of the NCP have revealed that the mixture effect is the most 
important effect of the decreasing nitrate concentration. In this research, denitrification considered as 
another important reason for the decreasing nitrate in groundwater as well as mixture effect. On the whole, 
the nitrate pollution is not serious except for the sites near the pollution source. The reduction 
environment of the lake and depression region is benefit for the denitrification. As a result, the attention to 
prevent nitrate contamination in groundwater should be paid on the hill region where shallow 
groundwater caused the quick leakage of manure or wastewater. And to control the point and linear source 
of nitrate is the measure to decrease the harm of nitrate contamination in groundwater of the watershed.  
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Chapter 10 Conclusions and Future Work 
10.1 Conclusions 
This study was focused on the groundwater, to study the mechanism of water cycle, groundwater 
geochemistry evolution and nitrate contamination in aquifer of Lake Baiyangdian watershed, NCP. 
Caused by the climate change and human activities, the interaction of groundwater-surface water has been 
changed a lot which has an important impact on groundwater recharge and the deterioration of 
groundwater quality such as the fate/transport of nitrate contamination in groundwater of alluvial 
fan/plain area. The multi-tracers technique (major water chemical ions, stable isotopes of δ2H, δ18O and 
δ15N, CFCs), mathematic statistics methods, in conjunction with the traditional hydrologic approaches 
were employed to resolve these hydrologic issues.  
The research was carried out in the Lake Baiyangdian watershed on different scales: 1) on the entire 
Lake Baiyangdian watershed scale, the changing water cycle and geochemical processes of groundwater 
quality was discussed; 2) on the basin scale, both of the Sha River basin and Beiyishui River basin in the 
upstream of the watershed was selected to study the natural hydrological processes and the geochemical 
and nitrate contamination of groundwater; 3) on the local scale, the study was focused on the Lake BYD 
region to investigate the impact of surface water on groundwater recharge and water quality.  
The major conclusions were summarized as follows: 
1) Hydrological characteristics of Sha River basin delegates a natural hydrological cycle in the 
upstream of the Lake BYD watershed. The similar stable isotopes of δ2H and δ18O in spring water, 
groundwater and river water showed that they have a close connection with each other. Combine with a 
simple binary mixing model based on CFCs, the distinct characteristics of interaction of 
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groundwater-surface water in different regions were made clear. The groundwater and spring water 
discharge to river water in the upper reach and lower reach. While the river water also leakage and 
recharge to groundwater in the middle reach of the basin. As a result, both of the river water and 
groundwater are the major sources for the Wangkuai Reservoir, water in which was transferred into 
Baoding as the major water usage and Lake BYD.  
Since the Sha River basin is the recharge area of the NCP, to protect the water quality of the recharge 
area is the key issue of the water problems. As the close connection between river water and groundwater 
exists in the mountainous areas, the integrated management of water quality and quantity including the 
surface water and groundwater is very important for the basin. Agricultural area distributed in the two 
sides the Sha River, the application of fertilizer is the major reason for the groundwater contamination. 
On the other hand, some mineral factories discharge wastewater into the river which leads to the 
contamination of the river water. In brief, government should pay attention to the agriculture 
measurement and the wastewater discharge in these areas. 
2) The groundwater recharge from the surface water of the TWR, Fu River and Lake BYD was 
identified in the Lake BYD region. As the evaporation is significant in the semi-arid regions. The 
evaporation for the surface water was estimated in this study. Based on the assumption that the 
wastewater was under an open system and fully mixed, an evaporation model was established to estimate 
the evaporation of the wastewater based on isotope enrichments of the Rayleigh distillation theory using 
the average isotope values for dry and rainy seasons. The results were then verified by the water balance 
method and pan evaporation experiments. Using an average evaporation loss of 19.5% for the input 
wastewater, the estimated recharge fraction of wastewater leakage and irrigation was 80.5% of the total 
input of wastewater (9.39×106 m3/year). This evaporation model was applied in Lake BYD, it was found 
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that the evaporation percentage ranges from 6-14% of the total water recharge in the rainy season and 
from 21-29% of the total recharge in the dry season. The remaining water after evaporation recharged to 
groundwater by river bed leakage and irrigation. The lateral regional groundwater inflow was considered 
to be another recharge source. Combing the two end-members mix model and R-mode cluster analysis 
revealed that the mixture percentage of the wastewater of TWR decreased from the Highly Affected Zone 
(76%) to the Transition Zone (5%). Lake BYD was the major recharge source for groundwater around it. 
For example, the Lake water accounted for 85.6% for groundwater located between TWR and Lake BYD. 
In wastewater irrigation regions, 50.5 to 66.3% of water was recharged by the sewage of Fu River.  
Though it is difficult for the precipitation to infiltrate and recharge into groundwater, the river water 
have become the important recharge sources for the groundwater. The results from this study showed that 
anthropogenic activities (urban lifestyles) have caused considerable damage to the groundwater quality 
downstream of the watershed. The addressed theme may help to raise awareness of environmental 
impacts of wastewater reservoirs and stabilisation ponds, widely used in the developing world. This is 
particularly true for the water resource management in the arid/semi-arid regions, where the interaction 
between surface water and groundwater has become single direction (from surface water to groundwater) 
caused by the groundwater over-exploitation. As groundwater is the major water supply for human 
activities, measures should be taken to prevent the linear pollution source from polluting the local 
groundwater quality.  
3) The water chemical characteristic in Sha River basin and Beiyishui River basin are similar, showing 
the features of water quality in the recharge area of the watershed. Water chemical characteristics and 
Geochemistry processes from upstream to downstream of the Lake BYD watershed was investigated 
when combing the water chemical distribution in a Piper diagram, a Gibbs plot, and the different 
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ion-ratios. The SI was calculated to account for the mineral precipitation and dissolution.  
In the upstream mountainous area, precipitation is the direct recharge source in this region. The 
weathering of calcite contributed greatly to the Ca2+ and HCO3- concentrations and the weathering of 
gypsum or sulfate mineral contributed to the Na+ and SO42- concentrations in water composition, which 
resulted in the water type of HCO3-SO4-Ca-Mg. 
4) In the Lake BYD region downstream of the watershed, the water compositions are dominated by 
SO42-, Na+, and Cl-, which are highly related to the human activities. The mixing of upstream SGW and 
surface water including Lake BYD, Fu River, and TWR are major reason to account for the present water 
composition which show the different water chemical types of SO4-Cl-HCO3-Na-Ca, 
SO4-Cl-HCO3-Mg-Na. Ion exchange and redox reaction were the dominant geochemical processes when 
wastewater entered the aquifer. Carbonate precipitation and silicate weathering were other processes 
affecting evolution of groundwater quality along groundwater flow paths.  
The assessment of irrigation water showed that the water from the TWR, and groundwater the High 
Affected Zone of TWR and point source region are unsuitable for irrigation. Irrigation using groundwater 
from Medium and Low Affected Zone of TWR should be assessed in terms of the selection of 
salt-tolerant crops and good drainage especially on clay soils. Irrigation using other groundwaters should 
pay attention on the salinity of the soil because the evaporation is strong in this region. 
5) Nitrate concentration of Sha River basin was considered as the backgrounds values of natural 
conditions. In Beiyishui River basin, the nitrate characteristics and factors contributing to the source and 
transformation of elevated nitrate concentration in shallow groundwater was analyzed by using a 
combination of multiple regression method and multi-tracers methods (groundwater age and 
hydrochemical data). Compared to the nitrate concentrations of Sha River basin, nitrate concentration in 
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Beiyishui River basin showed that 79% of water samples exceed the natural environmental standard of 3 
mg L-1 and 23% of water samples exceed the drinking water standard of 11.3 mg L-1 (WHO standard). 
Groundwater age estimation by Chlorofluorocarbons (CFCs) showed that the groundwater in the hill area 
was a mix of water from the young water in year from 1982 to 1990 and the old, CFCs-few water. 
Variation of land use in past years showed that only part of grassland was changed into woodland from 
1980 to 1995. It was found that the point source pollution and variation of grassland to woodland were 
the major factors contributing to the high concentration in groundwater of the hilly area. However, land 
use has no impact on groundwater nitrate of plain area because of the low infiltration rate of precipitation. 
The contribution proportion of fresh water from the fracture and denitrification on the decreased nitrate 
concentration were calculated, ranging from 29.2 to 66.4% and from 6 to 53.8%, respectively.  
Combination of groundwater residence time with nitrate contamination provides a new viewpoint to 
identify the source of the nitrate contamination in groundwater. Under the understanding of the 
groundwater flow system, the present nitrate concentration is not related to the present land use. However, 
the past land use variation contributed to the present nitrate concentration. This will be applied in the 
recodification of groundwater contamination.  
6) The source and fate of nitrate influenced by the different surface water in the Lake BYD region were 
illustrated combing the δ15N- NO3 and major water chemical ions. The urban industrial wastewater and 
domestic sewage are the major NO3- sources for the river and shallow groundwater. In places with a 
distance far than 40m off the northern and southern banks of the TWR, the low NO3- concentration is 
always accompanied by a high δ15N isotope value. It demonstrates that the denitrification occurred during 
the flow process from the surface water to groundwater because of the contribution of the high organic 
matter content. The sewage irrigation results in the nitrate pollution in a large area. 
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It has been proved that the regions from the frontier of the alluvial fan to the depression can provide 
suitable conditions for the degradation of NO3- pollution. Therefore, the nitrate in the regions influenced 
by the wastewater with high organic matter content is not serious. Attention should be paid on other 
pollutants such as the SO42-, Cl- as they are stable and can be transported to a far distance from the pollute 
sources.  
10.2 Future work 
In the future, a numerical simulation model will be setup to simulate the solute transport influenced 
by the surface water leakage and recharge to groundwater. The model can also be run on two scales: 
firstly, the local groundwater flow of Lake BYD region, where the impact of the TWR, Fu River and Lake 
BYD will be simulated with the model; secondly, the regional groundwater flow in the plain area of the 
Lake BYD watershed will be simulated. Particularly, the interaction of shallow groundwater and deep 
groundwater will be investigated in depth. And the transport feature for the wastewater will be run under 
the influence of different human activities. This study discussed above has also show that the pumping of 
deep groundwater has resulted in the hydraulic connection between shallow groundwater and deep 
groundwater. Therefore, the focus will be put on the relationship between shallow and deep groundwater 
in the future work.  
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